






































&KDSWHU  JHQHUDOO\ GHVFULEHV WKH PRWLYDWLRQ DQG GHWDLOHG EDFNJURXQG RI WKLV












EHKDYLRUV DQGPHFKDQLFDO SURSHUWLHV RI IXOO\ GHQVH)H%ZLWK WKHGLIIHUHQW1L FRQWHQW

































































































































    0HWDOFXWWLQJSURFHVV LVRQHRI WKHPRVWZLGHO\XVHG WHFKQRORJLHV LQ WKHPRGHUQ
PDQXIDFWXULQJ ILHOG 8S WR  RI DOO WKH PHFKDQLFDO FRPSRQHQWV PDQXIDFWXUHG












FXWWLQJ WRROV DQG FXWWLQJ FRQGLWLRQV &XWWLQJ WRROVZLWK ORQJ VHUYLFH OLYHV FDQ UHGXFH
SURGXFWLRQFRVWVDQGPRUHFRQVLVWHQWGLPHQVLRQDODQGVXUIDFHILQLVKFDSDELOLW\GXHWRWKH





DIIHFW WKHSURFHVVLQJFRVWDQGTXDOLW\*HQHUDOO\ WRRO IDLOXUHPD\FDXVHE\ WRROZHDU
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)ODQNZHDULV WKHZHDUREVHUYHGRQWKHIODQNRUFOHDUDQFHIDFHDQGUHVXOWV LQ WKH














































,W LVSDUWLFXODUO\FRPPRQZKHQFXWWLQJSDUWVZLWKDKDUGVXUIDFH OD\HURUVFDOHRU WKH
ZRUN KDUGHQLQJ PDWHULDO ZKLFK SURGXFHV DEUDVLYH FKLSV VXFK DV VWDLQOHVV VWHHO DQG
QLFNHOEDVHDOOR\1RWFKZHDULVDOVRDWWULEXWHWRWKHR[LGDWLRQLIDFRRODQWLVXVHGRUWKH
FKHPLFDOUHDFWLRQRUFRUURVLRQDWWKHLQWHUIDFHEHWZHHQWKHWRRODQGWKHDWPRVSKHUH1RWFK


























    3ODVWLFGHIRUPDWLRQRIWKHFXWWLQJHGJHVKRZQLQ)LJKDQGJRFFXUVZKHQWKH
FXWWLQJWRROFDQQRWVXSSRUWWKHFXWWLQJSUHVVXUHEHWZHHQWKHWRRODQGWKHFKLS&XWWLQJ
HGJHGHIRUPDWLRQXVXDOO\RFFXUVDWKLJKIHHGUDWHVZKLFKUHVXOWVLQKLJKHUFXWWLQJHGJH
ORDGV RU DW KLJKHU FXWWLQJ VSHHGV EHFDXVH WKH KDUGQHVV RI WKH WRRO GHFUHDVHV ZLWK
LQFUHPHQWRIWKHFXWWLQJWHPSHUDWXUH








    7RROIUDFWXUHRUEUHDNDJHVKRZQLQ)LJNDQGMOHDGVWRWKHFDWDVWURSKLFORVV
RIWKHFXWWLQJHGJHDQGDODUJHSDUWRIWKHWRRO7RROEUHDNDJHRFFXUVZKHQFXWWLQJWRROV
























    $VWKHFXWWLQJVSHHGLVLQFUHDVHGDGKHVLYHDQGDEUDVLYHZHDUUDWHVLQFUHDVHGXHWR
WKH LQFUHDVHG GLVWDQFH VOLG LQ D JLYHQ WLPH DQG WKH LQFUHDVHG FXWWLQJ WHPSHUDWXUHV
*HQHUDOO\ WKH KDUGQHVV RI WKH WRRO PDWHULDOV UHGXFHV ZLWK WKH LQFUHPHQW RI WKH
WHPSHUDWXUHZKLFKNQRZQDVWKHUPDOVRIWHQLQJ7KHWKHUPDOVRIWHQLQJHIIHFWPD\FDXVH
WKHSODVWLFGHIRUPDWLRQRIWKHFXWWLQJHGJH




RFFXUV ZKHQ FRQVWLWXHQWV RI WKH WRRO PDWHULDO HVSHFLDOO\ WKH ELQGHU UHDFW ZLWK
DWPRVSKHULFR[\JHQ2[LGDWLRQPD\FDXVHVHYHUHGHSWKRIFXWQRWFKZHDURUIRUPDWLRQ









V\VWHP 7KXV LW LV LPSRVVLEOH WR GHULYH D XQLYHUVDO WRROOLIH FULWHULRQ IRU WKHVH DOO
TXDQWLWDWLYHDQGTXDOLWDWLYHYDULDEOHV,QRWKHUZRUGWRROOLIHLVQRWDQDEVROXWHFRQFHSW
EXWGHSHQGVRQWKHFKRLFHRIWKHWRROOLIHFULWHULRQ$PRQJVWDQGDUGL]HGWRROOLIHWHVWVWKH















































$GHTXDWH OXEULFLW\ ORZIULFWLRQZLWK UHVSHFW WR WKHZRUNSLHFHPDWHULDO WR LQFUHDVH







VKRXOGEHQRWHG WKDWQRVLQJOH WRRPDWHULDOH[KLELWVDOO WKHDERYHPHQWLRQHGGHVLUDEOH
SURSHUWLHVIRUDWRROPDWHULDOLQSUDFWLFH7KHFKRLFHRIWKHWRROPDWHULDOVGHSHQGLQJRQ
WKH W\SHV RIPDFKLQLQJ RSHUDWLRQVZRUNSLHFHPDWHULDOV EHLQJPDFKLQHG WKH UHTXLUHG
DFFXUDF\ RYHUDOO WKHUPRFKHPLFDO SURFHVV FRQGLWLRQV DQG HFRQRPLF FRQVLGHUDWLRQV DV
UHIHUHQFHLQ)LJ




:KHQ FRPSDUHG ZLWK FRPSHWLQJ WRRO PDWHULDOV +66 SRVVHVVHV PRGHUDWH ZHDU
UHVLVWDQFH KLJK WUDQVYHUVH UXSWXUH VWUHQJWK DQG ORZ FRVW +RZHYHU WKH OLPLWHG ZHDU
UHVLVWDQFH FKHPLFDO VWDELOLW\ DQG JUHDWHU WHQGHQF\ WR IRUP D EXLOWXS HGJH WKDQ RWKHU
PDWHULDOV PDNH +66 WRROV VXLWDEOH IRU XVH RQO\ DW OLPLWHG FXWWLQJ VSHHGV &HPHQWHG
FDUELGHVEHORQJWRDFODVVRIUHIUDFWRU\PDWHULDOV LQZKLFK WKHKDUGFDUELGHVRI*URXS
,9%9,%PHWDOVDUHERXQGWRJHWKHURUFHPHQWHGE\DGXFWLOHPHWDOELQGHUXVXDOO\)H
1L RU &R 2ZLQJ WR WKH KLJK KDUGQHVV DQG ZHDU UHVLVWDQFH RI WKH KDUG SKDVHV
FHPHQWHGFDUELGHVKDYHEHHQXVHGIRUFXWWLQJDQGZHDUUHVLVWDQFHWRROV*HQHUDOO\WKH
:&EDVHGFRPSRVLWHVDUHXVXDOO\UHIHUUHGDV³FHPHQWHGFDUELGHV´ZKLOHRWKHUVOLNH7L&
EDVHG RQHV DUH UHIHUUHG DV ³FHUPHWV´ &HUPHWV DUH 7L& 7L1 RU 7L&1EDVHG


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WKH:&&R KDUGPHWDOV FRQWLQXH WR JDLQ LPSRUWDQFH IRU FXWWLQJPLQLQJ DQG FKLSOHVV
IRUPLQJ WRROV DV ZHOO DV IRU KLJK SHUIRUPDQFH FRQVWUXFWLRQ DQG ZHDU SDUWV )RU WKH
PRGHUQKDUGPHWDOVDEURDGUDQJHRI:&JUDGHVDUHXVHGWRJHWKHUZLWKFDUELGHVVXFKDV








7KH KDUGPHWDO JUDGHV DUH FKDUDFWHUL]HG E\ WKH FRPELQDWLRQ RI KLJKHU KDUGQHVV DQG








LQVWDELOLW\ $QRWKHU LPSRUWDQW FRQVLGHUDWLRQ IRU WKH :&&R FRPHV IURP WKH KHDOWK
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IUDPHZRUNV ZKLFK PD\ EH DOWHUQDWLYHO\ EH FODVVLILHG LQWR WZR JURXSV EDVHG RQ WKH
FU\VWDOORFKHPLFDOFRQVLGHUDWLRQERULGHVWUXFWXUHVRIORZHUERURQFRQWHQWRUERURQULFK
FRPSRVLWLRQV7KHVWUXFWXUHVRILURQERULGHV)H%)H%DUHGHWHUPLQHGE\WKHLUPHWDOOLF







RI WULJRQDOSULVPVFRQQHFWHG LQGLIIHUHQWZD\V&KDQQHOVDSSHDU WKURXJKZKLFKERURQ
FKDLQVDUHH[WHQGHGWKURXJKWKHODWWLFHV7KHW\SHRI)H%EHORQJVWRDJUHDWQXPEHURI
ERULGHVRIWKH&X$W\SH&ZKLFKFRQVLVWVRIVKHHWVRIWHWUDKHGUDRIPHWDODWRPV



























ERULGHV GLVSOD\ UHDVRQDEO\ JRRG UHVLVWDQFH WR R[LGDWLRQ LQ DLU*HQHUDOO\ WKH ERULGHV







7KH LURQ ERULGHV KDYH YDVW SUDFWLFDO DSSOLFDWLRQ DVZHOO DV SURYLGLQJ LQWHUHVW IRU
IXQGDPHQWDOVWXG\/*<XHWDOLQYHVWLJDWHWKH)H%)H%SKDVHWUDQVIRUPDWLRQGXULQJ





RYHUYLHZ WKH FKHPLFDO SURSHUWLHV RI WKH LURQ ERULGHV LQFOXGLQJ WKH VROXELOLW\ RI LURQ
ERULGHV LQ DTXHRXV DFLGV KDORJHQV WKH R[LGDWLRQ UHVLVWDQFH DQG WKH UHVLVWDQFH RI WKH
PROWHQVDOWV,QDGGLWLRQ<LQJ%DLHWDOLQYHVWLJDWHWKH)H%DOOR\SUHSDUHGE\DQHOHFWULF
DUFPHWKRGDQGXVHGDV WKHDQRGHPDWHULDO IRUDONDOLQHVHFRQGDU\EDWWHULHVGXH WR WKH
H[FHOOHQW HOHFWURFKHPLFDO SHUIRUPDQFHV (DUO\ H[SHFWDWLRQV WKDW WKH ERULGHVZRXOG EH

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
DEOH WR VXFFHVVIXOO\ FRPSHWH ZLWK WKH UHIUDFWRU\ FDUELGHV DV FRQVWLWXHQWV LQ KDUG
PDWHULDOV6WHLQLW]ILQGVWKDW0R%ZLWK1LDVELQGHUSKDVHDUHFODLPHGWREHSURPLVLQJ
FXWWLQJWRROPDWHULDOV6LPXOWDQHRXVO\0HU]ILQGVWKDWWKHPDWHULDOFRPSRVHGRIWKH&U%




EHKDYLRUVXVLQJ)H%SRZGHUVZLWK)HDVELQGHUSKDVH LV LQYHVWLJDWHG ,QDGGLWLRQ WKH
KDUGQHVV ZHDU UHVLVWDQFH DQG FXWWLQJ SHUIRUPDQFH RI WKH )H% ZLWK )H FRPSDFW DUH
FKDUDFWHUL]HG,WLVIRXQGWKDW)H%LVVDWLVILHGIRULWVVWDQGDUGYDOXHRI9%PP
DV WKH FXWWLQJ WRRO )XUWKHU LQYHVWLJDWLRQ RQ)H%ZLWK VXLWDEOH ELQGHU SKDVH WR EH WKH
FXWWLQJWRROPDWHULDOLVQHHGHG
6HOHFWLRQRIWKHELQGHUSKDVH
    7KH DFKLHYHPHQW RI IXOO GHQVLW\ LV GLIIFXOW IRU LURQ ERULGHV EHFDXVH RI WKH SRRU
GHIRUPDELOLW\ ,W UHTXLUHVKLJK WHPSHUDWXUHVKLJKSUHVVXUHVDQG ORQJKROGLQJ WLPHV WR








RI DGGLQJ ELQGHUPHWDO HJ&R  SRZGHUV WR:&SRZGHUV LV XVXDOO\ FDUULHG RXW E\
PHFKDQLFDOPL[LQJ1RUPDOO\)H%DQG)HSRZGHUVDUHHYHQO\PL[HGLQWKHVDPHZD\DV
:&DQG&R
    2QWKHRWKHUKDQG1LDVDVXLWDEOHFDQGLGDWHELQGHUSKDVHLVDOVRLQYHVWLDJHG1L
XQOLNH&RRU)HKDVQRSKDVHWUDQVLWLRQDQGUHWDLQVLWVIDFHFHQWHUHGFXELFIFFVWUXFWXUH
DWDOOWHPSHUDWXUHVEHORZWKHVROLGXV$GGLWLRQVRI1LRQWKHRQHKDQGFDQVWDELOL]HWKH
IDFH FHQWHUHG FXELF VWUXFWXUH WR JLYH DQ DXVWHQWLF GXFWLOH ELQGHU 1L ELQGHU SKDVH LV












DJJORPHUDWLRQ RI WKH KDUG SDUWLFOV LPSURYLQJ WKH KHPRJHQHRXV RI WKH FKHPLFDO





    3RZGHUPHWDOOXUJ\30LVVXLWDEOHIRUPDNLQJXQLTXHPDWHULDOVLPSRVVLEOHWRJHW
IURPPHOWLQJRUIRUPLQJLQRWKHUZD\V30LVDSURFHVVLQJWHFKQLTXHXVHGWRSURGXFH
EXON PDWHULDOV DQG FRPSRQHQWV IURP PHWDO RU FHUDPLF SRZGHUV濁澳*HQHUDOO\澳 30 LV D
SURFHVVZKHUHE\SRZGHUVDUHFRPSUHVVHGDVDJUHHQERG\DQGVLQWHUHGWRDQHWVKDSHDW
HOHYDWHG WHPSHUDWXUHV DERXW ± 7P 6LQWHULQJ LV D WHFKQLTXH RI FRQVROLGDWLQJ
SRZGHUFRPSDFWVE\ WKHUPDO HQHUJ\6LQWHULQJ LVRQHRI WKHPRVW FULWLFDOSURFHVVHV
DIIHFWLQJ WKHPLFURVWUXFWXUH DQGSURSHUWLHV RI KDUGPDWHULDOV7KH RSWLPL]HG VLQWHULQJ






    9DFXXP VLQWHULQJ LV D VLQWHULQJ SURFHVV XQGHU WKH YDFXXP FRQGLWLRQ 8QGHU WKH



































DFWLYDWLRQ HQHUJ\ DQG UDLVHV WKHGLIIXVLRQ FRHIILFLHQWZKLFK FDQEH FDUULHGRXW DW ORZ









RI WKH WHPSHUDWXUH ,Q DGGLWLRQ WKLV KHDWLQJ PHFKDQLVP RI PLFURZDYH VLQWHULQJ LV





VKRUWHU VLQWHULQJ WLPH 636 LV D WHFKQRORJ\ RI SUHVVLQJ DQG VLQWHULQJ WKH SRZGHUV
SUHVVHGLQWRWKHPROGZLWKJUDSKLWHDQGRWKHUPDWHULDOVE\XVLQJWKHXSSHUDQGORZHUGLH
SXQFKLQJDQGSXOVHFXUUHQW,QWKHSURFHVVRIVLQWHULQJWKHUDSLGEUHDNGRZQRIWKHSXOVH
FXUUHQW GHVWUR\V WKH R[LGH OD\HU RI WKH SRZGHU VXUIDFH DQGPDNHV WKH VXUIDFH RI WKH
SDUWLFOHV EH SXULILHG DQG DFWLYDWHV WKH SRZGHUV 0RUHRYHU XQGHU WKH SUHVVXUH SXOVH
HQHUJ\DQG-RXOHKHDWFDXVHGE\WKHLQVWDQWDQHRXVKLJKWHPSHUDWXUHPDNHSRZGHUVIRUP
WKH GHQVH FRPSDFWV E\ KRW SODVWLF GHIRUPDWLRQ 636 FRPELQHV SODVPD DFWLYDWLRQ
UHVLVWDQFHKHDWLQJ DQGKRW SUHVVLQJZLWK WKH DGYDQWDJHVRI VLQWHULQJ LQ WKHSURFHVVRI
SUHVVXUL]DWLRQ7KHSODVPDSURGXFHGE\WKHSUHVVXUHDQGSXOVHFXUUHQWLQWKHVLQWHULQJ
SURFHVV ZLOO UHGXFH WKH VLQWHULQJ WHPSHUDWXUH RI WKH SRZGHUV 6LPXOWDQHRXVO\ WKH
VLQWHULQJSURFHVVZLWKKLJKFXUUHQWDQGORZYROWDJHZLOOSURPRWHWKHUDSLGGHQVLILFDWLRQ
RIWKHSRZGHUV 
$V D QRQHTXLOLEULXP VLQWHULQJ WHFKQRORJ\ 636 KDV EHHQ ZLGHO\ XVHG EXW LWV















   7KHREMHFWLYHRIWKLVWKHVLVLVWRGHYHORSWKHXELTXLWRXV)H%V\VWHPKDUGPDWHULDOV
ZLWK)HRU1LE\VSDUNVLQWHULQJSURFHVV)LUVWO\WKHVLQWHULQJEHKDYLRUVDQGPHFKDQLFDO
SURSHUWLHV RI )H%)H V\VWHP KDUGPDWHULDOVPL[HG E\ HOHPHQWDO EOHQGLQJPHWKRG DUH
LQYHVWLJDWHG7KHQWKHVLQWHULQJEHKDYLRUDQGPHFKDQLFDOSURSHUWLHVRI)H%ZLWK1LDGGHG
E\ HOHFWUROHVV SODWLQJ SURFHVV KDUG PDWHULDOV DUH DOVR LQYHVWLJDWHG ,Q DGGLWLRQ WKH
HOHFWUROHVV 1L SODWLQJ DQG VSDUN VLQWHULQJ SDUDPHWHUV DUH RSWLPL]HG WR REWDLQ WKH
KRPRJHQHRXVGLVWULEXWLRQRIWKH1LELQGHUSKDVHDQGIXOOGHQVHFRPSDFWV)LQDOO\WKH
SUDFWLFDO DSSOLFDWLRQ H[SHULPHQWV RI WKH )H%1L V\VWHP KDUG PDWHULDOV LQFOXGLQJ WKH
LQWHUUXSWHGFXWWLQJWHVWVXQGHUGLIIHUHQWFXWWLQJVSHHGDUHLQYHVWLJDWHG
    &KDSWHUUHYLHZVWKHVFLHQWLILFEDFNJURXQGRIWKLVUHVHDUFKSRLQWVRXWWKHREMHFWLYH
DQGLOOXVWUDWHVWKHRYHUDOOFRQWHQWRIWKHWKHVLV











FRQWHQW $QG WKHQ WKH HIIHFW RI WKH VLQWHULQJ SDUDPHWHUV RQ WKH PLFURVWUXFWXUH DQG
PHFKDQLFDOSURSHUWLHVRI)H%ZLWKVXLWDEOH1LFRQWHQWFRPSDFWVDUHDOVRLQYHVWLJDWHGWR
REWDLQIXOO\GHQVH)H%1LFRPSDFWV
    &KDSWHUGLVFXVVHVWKHSRWHQWLDOSUDFWLFDODSSOLFDWLRQVIRUWKH)H%1LV\VWHPDOOR\V
VXFKDVWKHLQWHUUXSWHGFXWWLQJWHVWV7KHSLQRQGLVFZHDUDQGIULFWLRQWHVWVDUHDOVRFDUULHG
RXWXVLQJWKHIXOO\GHQVH)H%1LFRPSDFWV7KHIULFWLRQFRHIILFLHQWZHDUYROXPHORVV
DQGZHDU UDWLRRI WKHYROXPH ORVVRISLQYVGLVFDUH LQYHVWLJDWHG WRHYDOXDWH WKHZHDU


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5HIHUHQFHV








FXW OLQH RI FHUDPLF WRROV PDFKLQLQJ QLFNHO EDVH VXSHUDOOR\V 3URFHHGLQJV RI WKH
,QWHUQDWLRQDO&RQIHUHQFHRQ:HDURI0DWHULDOV$60(1HZ<RUN±
 93$VWDNKRYDQG-&2XWHLUR0RGHOLQJRIWKHFRQWDFWVWUHVVGLVWULEXWLRQDWWKH
WRROFKLS LQWHUIDFH ,Q 3URFHHGLQJ RI WKH WK &,53 ,QWHUQDWLRQDO :RUNVKRS RQ
0RGHOLQJRI0DFKLQLQJ2SHUDWLRQV(16$0&OXQ\)UDQFH












 7 <DQJ / 1L 4 =KHQJ HW DO &XWWLQJ ZHDU PLFURVWUXFWXUH DQG PHFKDQLFDO
SURSHUWLHV RI 7L:&EDVHG FHUPHW LQVHUWV FRQWDLQLQJ 0R& ,QWHUQDWLRQDO
-RXUQDORI5HIUDFWRU\0HWDOVDQG+DUG0DWHULDOV
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 -=KDR;<XDQDQG<=KRX&XWWLQJSHUIRUPDQFHDQGIDLOXUHPHFKDQLVPVRIDQ













UHLQIRUFHG ELQGHU IRUPLQLQJ DQG FRQVWUXFWLRQ ,QWHUQDWLRQDO -RXUQDO RI5HIUDFWRU\
0HWDOVDQG+DUG0DWHULDOV
 3&-LQGDO$76DQWKDQDP86FKOHLQNRIHUHWDO3HUIRUPDQFHRI39'7L17L&1
DQG 7L$O1 FRDWHG FHPHQWHG FDUELGH WRROV LQ WXUQLQJ ,QWHUQDWLRQDO -RXUQDO RI
5HIUDFWRU\0HWDOVDQG+DUG0DWHULDOV



























PHWKRG DQG XVHG DV WKH DQRGH PDWHULDO IRU DONDOLQH VHFRQGDU\
EDWWHULHV(OHFWURFKHPLVWU\&RPPXQLFDWLRQV
 5 6WHLQLW] , %LQGHU DQG ' 0RVNRZLW] 6\VWHP PRO\EGHQXPERURQ DQG VRPH
SURSHUWLHVRIWKHPRO\EGHQXPERULGHV7UDQV$,0(
 .0DWVXJL. 7RPLJDKDUD< % &KRL HW DO 3URGXFWLRQ RI KDUGPDWHULDOVZLWK
























E\ ORZ SUHVVXUH VLQWHULQJ ,QWHUQDWLRQDO -RXUQDO RI 5HIUDFWRU\ 0HWDOV DQG +DUG
0DWHULDOV
 0 %KDWWDFKDU\DD DQG 7 %DVDN$ UHYLHZ RQ WKH VXVFHSWRU DVVLVWHG PLFURZDYH
SURFHVVLQJRIPDWHULDOV(QHUJ\












JURZWKRI FRQGXFWLQJSRZGHUV LQ VSDUNSODVPD VLQWHULQJ -RXUQDORI WKH$PHULFDQ
&HUDPLF6RFLHW\
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ORZ GHIRUPDEOH UHIUDFWRU\PDWHULDO LW ZDV GLIILFXOW WR DFKLHYH IXOO GHQVLW\ MXVW XVLQJ
VLQJOH LURQ ERULGHV ,QWURGXFLQJ WKH ELQGHU SKDVH WR LPSURYH WKH VLQWHU DELOLW\ RI LURQ
ERULGHV ZDV QHFHVVDU\ )H RU 1L IURP WKH VDPH WUDQVLWLRQ PHWDO JURXS DV &R ZHUH






,Q DGGLWLRQ 3UDNDVK SUHVHQWHG D UHYLHZ RI )HEDVHG ELQGHUV SURFHVVLQJ DQG






$V UHFHLYHG )H% )XNXGD 0HWDO )RLO DQG 3RZGHU &R /WG DQG )H SRZGHUV
'2:$,3&5($7,21&R/WGZHUHXVHGDVWKHUDZPDWHULDOV7KHPHDQSDUWLFOH
VL]H RI )H% DQG SXUH )H SRZGHUV ZHUH  DQG  ȝP UHVSHFWLYHO\ 7KH FKHPLFDO

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6L 3 6 DQG $O PDVV 7KH SULFH RI )H% SRZGHUZDV DERXW
 NJ:KLOH WKH SULFH RI:&&R SRZGHUZDV DERXW  NJZKLFKZDV
PRUH H[SHQVLYH WKDQ WKDW RI DVUHFHLYHG )H% SRZGHU $VUHFHLYHG )H% SRZGHU
FRQVLVWHGRI)H%)H%)HDQG%SKDVHV,QRUGHUWRUHGXFHWKHLPSXULW\SKDVHFRQWHQW
DVUHFHLYHG )H% SRZGHUV ZHUH EDOO PLOOHG XVLQJ D SODQHWDU\ EDOO PLOO )ULWVFK
3XOYHULVHWWH  DW  USP IRU  KRXUV 7KH PLOOLQJ ZDV XVLQJ  P/ YLDO DQG
VWDLQOHVVVWHHOEDOOVZLWKDGLDPHWHURIPP7KHEDOOWRSRZGHUZHLJKWUDWLRZDV
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7KH 6(0 LPDJHV RI D DVUHFHLYHG )H% E EDOO PLOOHG )H% DQG F SXUH )H
SRZGHUVZHUHVKRZQLQ)LJ$VUHFHLYHG)H%SRZGHUVVKRZHGLUUHJXODUVKDSHDQG
ODUJHVFDOHRIWKHVL]HGLVWULEXWLRQDVVKRZQLQ)LJD7KHPHDQSDUWLFOHVL]HRI)H%
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'XULQJ WKH VSDUN VLQWHULQJ WZR JUDSKLWH SXQFKHV ZLWK GLDPHWHU RI  PP DQG
KHLJKWRIPPDQGDJUDSKLWHGLHZLWKDQLQQHUGLDPHWHURIPPDQRXWHUGLDPHWHU
RIPPDQGKHLJKWRIPPZHUHXVHG7KHVSDUNVLQWHULQJSURFHVVKDGWZRPRGHV
SXOVH GLVFKDUJH VLQWHULQJ PRGH DQG UHVLVWDQFH KHDWLQJPRGH $OO WKH SRZGHUV ZHUH
FRQVROLGDWHGXQGHUDYDFXXPFRQGLWLRQ3D7KHVLQWHULQJSURFHVVZDVVKRZQLQ
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'HQVLWLHV RI WKH FRPSDFWV ZHUH PHDVXUHG E\ $UFKLPHGHV¶ PHWKRG $SSDUHQW
UHODWLYH GHQVLW\ RI FRPSDFWV ZDV FDOFXODWHG EDVHG RQ WKH GLVSODFHPHQW RI EHWZHHQ
HOHFWURGHV E\ WKH KHLJKW RI WKH FRPSDFWV GLYLGLQJ WKH LGHDOO\ KHLJKW RI  PP
0RUSKRORJ\ RI WKH SRZGHU ZDV PHDVXUHG E\ VFDQQLQJ HOHFWURQ PLFURVFRSH 6(0
723&2160 -DSDQ0LFURVWUXFWXUH RI WKH VLQWHUHG FRPSDFWVZDV REVHUYHG E\
WKH RSWLFDOPLFURVFRSH 0HWDO0LFURVFRSH237,3+271LNRQ&RUSRUDWLRQ -DSDQ
$YHUDJH JUDLQ VL]H DQG SRURVLW\ RI WKH FRPSDFWV ZHUH PHDVXUHG E\ LPDJH DQDO\VLV
PHWKRGV 3KDVHV LQ WKH FRPSDFWV ZHUH FKDUDFWHUL]HG E\ ;UD\ SRZGHU GLIIUDFWLRQ
PHWKRG ;5'0$&0;+) -DSDQXVLQJ&X.Į UDGLDWLRQ Ȝ cDW
N9 DQG  P$ 7KH PDFUR DQG PLFUR KDUGQHVV RI WKH FRPSDFWV ZHUH PHDVXUHG E\
9LFNHUV KDUGQHVV WHVWHU 0+7 -DSDQ &RPSUHVVLYH DQG EHQGLQJ VWUHQJWK RI WKH
FRPSDFWV ZHUH PHDVXUHG DW URRP WHPSHUDWXUH E\ D PHFKDQLFDO WHVWLQJ PDFKLQH
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)H% FRPSDFW ZLWK VDPH OHYHO UHODWLYH GHQVLW\ WR WKH )H% FRPSDFW ZLWK )H DGGLWLRQ
UHTXLUHG KLJK VLQWHULQJ WHPSHUDWXUH ,W ZDV FRQVLGHUHG WKDW )H% PDWHULDOV KDG ORZ











WKH )H% FRPSDFWV GXH WR WKH ORZ VLQWHUDELOLW\ DV VKRZQ LQ )LJ  D 7KH SRURVLW\
GHFUHDVHGZLWK WKH DGGLWLRQRI)HELQGHU SKDVH DV VKRZQ LQ)LJ  E DQG F7KH
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%SKDVHZDVVWLOO LQWKH)H%FRPSDFWGXHWRWKHORZFRQWHQWRI)HSKDVH:KLOHZLWK
WKH DGGLWLRQRI)HELQGHUSKDVH WKH%SKDVH VWLOO DSSHDUDQFH LQ WKLV FRPSDFW DV
VKRZQLQ)LJ F ,WZDVFRQVLGHUHG WKDW WKHUHDFWLRQEHWZHHQ)HDQG%ZDVYHU\
GLIILFXOWLQORZVLQWHULQJWHPSHUDWXUH
)LJXUHVKRZHG WKH;UD\SDWWHUQVRI)H%)H%)HDQG)H%)HFRPSDFWV
VLQWHULQJ DW GLIIHUHQW WHPSHUDWXUH 7KHUH ZHUH )H% )H% )H DQG % SKDVHV LQ DV
UHFHLYHG)H%SRZGHUV7KH%SKDVHZDVGLIILFXOWWRGHWHFWGXHWRWKHORZFRQWHQW7KH
DSSHDUDQFHRIOLTXLGSKDVHSURPRWHGWKHGLIIXVLRQEHWZHHQ)H%)H%DQG)H%ZKLFK
FDXVHG WKH YDULDWLRQ RI FRQVWLWXHQW SKDVH ,Q DGGLWLRQ )H% DQG )HZHUH SUHFLSLWDWHG
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VLQWHUHG FRPSDFWV ZDV GHFUHDVHG ZLWK WKH LQFUHDVLQJ RI WKH )H ELQGHU SKDVH )H%
FRPSDFWZLWK ORZHVW UHODWLYHGHQVLW\SRVVHVVHG WKHKLJKHVWKDUGQHVV LQFRQWUDVW WR WKH
)H%)H FRPSDFW )RU WKH KDUG PDWHULDOV WKH KDUGQHVV GHSHQGHG RQ WKH UHODWLYH
GHQVLW\,QWKLVFDVHWKHKLJKUHODWLYHGHQVLW\ZLWKORZKDUGQHVVZDVGXHWRWKHDGGLWLRQ
RI ODUJH DPRXQW RI VRIW )H SKDVH7KH DGGLWLRQ RI ELQGHU SKDVH VKRXOG EH FRQVLGHUHG
FDUHIXOO\
)LJXUHVKRZHGWKHVWUHVVVWUDLQFXUYHVREWDLQHGIURPWKUHHSRLQWVEHQGLQJWHVWV
E\ XVLQJ )H% )H%)H )H%)H FRPSDFWV 7KH )H%)H VKRZHG WKH KLJKHVW
EHQGLQJ VWUHQJWKZLWK ODUJH VWUDLQ7KHSRURVLW\KDG D JUHDW LQIOXHQFHRQ WKHEHQGLQJ
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2YHUDOO WKH IXOO\ GHQVH )H%)H FRPSDFWV ZDV SUHSDUHG DW ORZ VLQWHULQJ
WHPSHUDWXUH ,Q DGGLWLRQ WKH UHODWLYH GHQVLW\ DQG EHQGLQJ VWUHQJWK RI )H%)H ZDV
FORVH WR WKDW RI )H%)H FRPSDFW 7KH KDUGQHVV RI )H%)H FRPSDFW ZDV PXFK
KLJKHU WKDQ WKDW RI )H%)H FRPSDFW ,Q WKLV FDVH WKH DGGLWLRQ RI YRO )H ZDV
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 6LQWHULQJ EHKDYLRUV PLFURVWUXFWXUHV DQG PHFKDQLFDO SURSHUWLHV RI )H%
)HFRPSDFWV
6LQWHULQJEHKDYLRUVRI)H%)HFRPSDFWV
7KH UHODWLRQV EHWZHHQ HOHFWULF GLVFKDUJHG WLPH DQG FRPSDFWWHPSHUDWXUH RU
DSSDUHQWUHODWLYHGHQVLW\E\GLVSODFHPHQWEHWZHHQHOHFWURGHVZHUHVKRZQLQ)LJDQG
7KHUHZHUH WZRKHDWLQJFRQGLWLRQV LQFRQVWDQWFXUUHQWYDOXHVRI$PPDQG
FRQVWDQW KHDWLQJ UDWH RI .PLQ LQ WKHVH ILJXUHV 7KH XQVWHDG\ DQG VWHDG\ VWDWH RI
WHPSHUDWXUHRFFXUUHGGXULQJVLQWHULQJ7KHWHPSHUDWXUHVRIFRPSDFWVGHSHQGHGRQWKHLU
WKHUPDO DQG HOHFWULFDO FRQGXFWLYLW\ZKLFK UHVXOWHG LQ WKH KLJKHU DQG ORZHU YDOXHV LQ
WHPSHUDWXUHV IRU SXUH )H DQG )H% FRPSDFWV ,Q FRQWUDVW DSSDUHQW UHODWLYH GHQVLWLHV
UHIHUUHG WR WKH QRPLQDO UHODWLYH GHQVLWLHV ZHUH DOVR LQFUHDVHG FRUUHVSRQGLQJ WR WKH













. VKRZHG JRRG UHSURGXFLELOLW\ DOWKRXJK WKHLUPD[LPXP WHPSHUDWXUHV FKDQJHG
IURP  WR  . 7KH DSSDUHQW UHODWLYH GHQVLW\ RI )H%)H FRPSDFWV ZDV
LQFUHDVHGPRQRWRQRXVO\LQWKHWHPSHUDWXUHUDQJHEHORZWKLVWHPSHUDWXUH$QGWKHQWKH
DSSDUHQW UHODWLYH GHQVLW\ EHFDPH DOPRVW FRQVWDQW DERYH DERXW  . 0RUHRYHU
GXULQJKROGLQJWLPHDWWKHPD[LPXPWHPSHUDWXUHWKHILQDODSSDUHQWUHODWLYHGHQVLW\RI
)H%)H FRPSDFWV VLQWHUHG DW  DQG  . ZHUH LQFUHDVHG VLJQLILFDQWO\
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,QRUGHU WR LQYHVWLJDWH WKHPHFKDQLVPRIGHQVLILFDWLRQ LQVSDUNVLQWHULQJSURFHVV




ZKHUHD DQG t ZHUH FXUUHQWO\ DSSDUHQW UHODWLYH GHQVLW\ DQG WLPH UHVSHFWLYHO\ 7KUHH
SHDNV RI ֭ VKRZHG DWD RI   DQG  IRU SXUH )H FRPSDFWV DV VKRZQ LQ
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7KHUH DOVR ZHUH WKUHH SHDNV RI ֭ DWD RI   DQG  IRU )H%)H LQ
)LJ7KHYDOXHVLQ֭SHDNVDQGWKHILQDODRI)H%ZHUHORZHUWKDQWKRVHRI)H%
)HSRZGHUV7KHGHIRUPDWLRQRI)H%SKDVHFRXOGQRWEHH[SHFWHGLQWKLVWHPSHUDWXUH
UDQJHEHORZ. DV VKRZQ LQ)LJ 7KHUHIRUH WKHSODVWLF GHIRUPDWLRQRI)H
ELQGHUSKDVHFDXVHGE\-RXOH¶VKHDWJHQHUDWLRQEHWZHHQSDUWLFOHVSOD\HGDGRPLQDQWUROH









      

ZKHUH TםP ıyieldAQ nm DQGR ZHUH WHPSHUDWXUH KHDWLQJ UDWH RI FRPSDFW
DSSOLHGSUHVVXUH\LHOGVWUHVVRISRZGHUPDWHULDOFUHHSFRQVWDQWDFWLYDWLRQHQHUJ\RI
SRZHU ODZ FUHHS VWUHVV H[SRQHQW FRHIILFLHQW UHSUHVHQWLQJ WKH FRQWULEXWLRQ RI
PDFURVFRSLF VWUHVV DQG JDV FRQVWDQW UHVSHFWLYHO\ $QG ț(D) ZDV WKH IXQFWLRQ RI
DSSDUHQWUHODWLYHGHQVLW\DQGVex ZDVDQH[WHQGHGYROXPHIUDFWLRQIRUGHQVLILFDWLRQ
,Q WKLV VWXG\ WKHYDOXHVRINPQDQG4ZHUHXVHG WREH DQG
N-PRO UHVSHFWLYHO\$VVXPLQJıeqZDV HTXDOı0.2 WKH UHODWLRQVKLS EHWZHHQ 
SURRIVWUHVVDQGWHPSHUDWXUHRISXUH)HZDVREWDLQHGE\KLJKWHPSHUDWXUHWHQVLOHWHVWV
,Q RXU ODERUDWRU\ WKH GHQVLILFDWLRQ SURFHVVHV RI &X DQGPL[WXUH SRZGHU RI &X DQG
$O2ZHUHLQYHVWLJDWHGE\H[SHULPHQWVDQGWKHRUHWLFDOFDOFXODWLRQRIWKH֭XVLQJWKH
HTDQGPHQWLRQHGDERYH7KHH[SHULPHQWDOUHVXOWVZHUHFRQVLVWHQWZLWKWKH
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HVWLPDWHG UHVXOWV FDOFXODWHG E\ HTXDWLRQV  DQG  IRU &X DQG &X$O2 ,W ZDV
FRQVLGHUHG WKDW SODVWLF GHIRUPDWLRQ RI WKH &X SRZGHUV RFFXUUHG EHIRUH UHDFKLQJ
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,Q WKLV VWXG\ WKH H[SHULPHQWDO UHVXOWV RI ֭ ERWK RI SXUH )H DQG )H%)H
FRPSDFWV ZHUH FRQVLVWHQW ZLWK WKH HVWLPDWHG UHVXOWV XVLQJ HTXDWLRQV  DQG  DV
VKRZQ LQ )LJ DQG  7KHUHIRUH LW ZDV FRQVLGHUHG WKDW WKH LQFUHPHQW RI WKH
GHQVLILFDWLRQUDWHRI)H%)HFRPSDFWVZDVFDXVHGE\WKHSODVWLFGHIRUPDWLRQRI)H
ELQGHU SKDVH EHIRUH UHDFKLQJPD[LPXP SRLQW RI WKH֭ DW WKHD RI  $IWHU WKDW
SRZHUODZFUHHSGHIRUPDWLRQRI)HELQGHUSKDVHRFFXUUHGDERYHDRI
7KHPRUSKRORJLHVRI WKH)H%)HFRPSDFWVLQWHUHGGLIIHUHQW WHPSHUDWXUHZHUH
VKRZQ LQ)LJ7KH)HSKDVHZLWK VWHHS VKDSHGJUDLQERXQGDU\ZDVREVHUYHG LQ




ZDV LOOXVWUDWHG DV VKRZQ LQ )LJ 7KH SODVWLF GHIRUPDWLRQ RI WKH )H SKDVH
VXUURXQGHG E\ WKH )H% KDUG SKDVHZDV ODUJHO\ FDXVHG WR WKH KLJKHU WHPSHUDWXUH RI
.VKRZLQJWKHD RIVHHQLQ)LJDQGEHFDXVHRIMXVWYRO)H
FRQWHQWV LQ WKH XQLD[LDO GLH SUHVV DW WKH ODWHUDO SUHVVXUH FRQGLWLRQ +RZHYHU LW ZDV
LQWHUHVWLQJ WKDW H[FKDQJLQJ YDOXH RI WKHD IURP SODVWLF GHIRUPDWLRQ WR SRZGHU ODZ
FUHHSGHIRUPDWLRQZDVVKRZQWREHDSSUR[LPDWHO\HYHQIRUWKHGLIIHUHQWSRZGHUV
DQGYDULRXVELQGHUFRQWHQWV
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ZHUH   DQG ȝP UHVSHFWLYHO\0RUHRYHU WKH VKDSH RI SRUHV LQ)H%)H
FRPSDFWVJUDGXDOO\FKDQJHGIURPWKHLUUHJXODUVKDSHWRURXQGVKDSHZLWKWKHLQFUHPHQW
RI VLQWHULQJ WHPSHUDWXUH 7KH VWDWH RI SRUHV DOVR JUDGXDOO\ FKDQJHG IURP FRQWLQXRXV
VWDWHWRLVRODWHGVWDWH,WZDVPDLQO\EHFDXVHWKHPXFKPRUHOLTXLGSKDVHFRQVLVWLQJRI
)H DQG )H% LQ )H%)H FRPSDFWV VLQWHUHG DERYH .ZDV DSSHDUHG GXULQJ WKH
KROGLQJWLPHDFFRUGLQJWRWKHVLQWHULQJFXUYHVRI)LJ$VUHIHUHQFHWKHDYHUDJHVL]HRI
SRUHVRI)H%FRPSDFWVXVLQJDQGȝPVL]HSRZGHUVZHUHDQGȝP$V
VKRZQ LQ WDEOH  WKH SRURVLWLHV RI )H%)H FRPSDFWV ZHUH LQFUHDVHG ZLWK WKH






Chapter 2Sintering Behavior Mechanical Properties of ubiquitous FeB-Fe Alloys  












DV VKRZQ LQ WDEOH  +LJK VLQWHULQJ WHPSHUDWXUH SURPRWHG WKH DWRPLF GLIIXVLRQ
EHWZHHQSDUWLFOHVDQGWKHOLTXLGSKDVHUHVXOWHGLQWKHIXUWKHUJUDLQJURZWKRI)H%)H
FRPSDFWV
)LJXUH  VKRZHG WKH ;5' SDWWHUQV RI )H%)H FRPSDFWV VLQWHUHG DW 
DQG.DQG)H%FRPSDFWVXVLQJSRZGHUVRIDQGȝPVLQWHUHGDW.
$VVKRZQLQWKH;5'SDWWHUQVWKHPDLQO\SKDVHRI)H%)HDQG)H%FRPSDFWVZDV
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)H%SKDVH$QGWKHFRQWHQWVRI)H%SKDVHLQWKH)H%)HFRPSDFWVVLQWHUHGDW




)LJXUH  VKRZHG 9LFNHUV KDUGQHVV RI )H%)H FRPSDFWV VLQWHUHG DW 
 DQG . DQG )H% FRPSDFWV VLQWHUHG DW . 7KH KDUGQHVV RI )H%)H
FRPSDFWVVLQWHUHGDW.ZDVKLJKHUWKDQWKDWRIFRPSDFWVVLQWHUHGDERYH.,W
ZDV PDLQO\ EHFDXVH WKH PHDQ GHQVLWLHV RI )H%)H FRPSDFWV ZHUH GHFUHDVHG ZLWK
LQFUHPHQW RI VLQWHULQJ WHPSHUDWXUH 0RUHRYHU WKH JUDLQ FRDUVHQLQJ LQ )H%)H




ZKLFK UHVXOWHG LQ WKH LQFUHPHQWRIKDUGQHVVRI)H%FRPSDFWV2Q WKHRWKHUKDQG WKH
KDUGQHVV RI)H%)H FRPSDFW VLQWHUHG DW .ZDV FORVH WR WKDW RI )H% FRPSDFW
XVLQJ  ȝP VL]H SRZGHUV VLQWHUHG DW .7KH KDUGQHVV RI )H% FRPSDFWPDLQO\
GHSHQGHGRQ WKHSRURVLW\7KHSRURVLW\RI)H%)HFRPSDFWVLQWHUHGDW.ZDV
ORZHUWKDQWKDWRI)H%FRPSDFWXVLQJȝPVL]HSRZGHUVVLQWHUHGDW.+RZHYHU
WKH KDUGQHVV RI )H%)H FRPSDFW VLQWHUHG DW  .ZDV QRW KLJK EHFDXVH RI WKH




)H%)H% LQ )H%)H FRPSDFWV 9LFNHUV KDUGQHVV YDOXHV RI )H% DQG )H% LQWUD
JUDLQV LQ )H%)H FRPSDFWV ZHUH  DQG  *3D ZKLFK ZHUH FRQVLVWHQW ZLWK
KDUGQHVV YDOXHV LQ WKH OLWHUDWXUH $V VKRZQ LQ )LJ 9LFNHUV KDUGQHVV YDOXHV RI
VRPH LQWHUIDFHV LQ)H%)HFRPSDFWVVLQWHUHGDWDQG.ZHUHKLJKHU WKDQ
WKDW RI FRPSDFWV VLQWHUHG DW . ,WZDV EHFDXVH WKH KLJKHU VLQWHULQJ WHPSHUDWXUH
SURPRWHGWKHGLIIXVLRQRIDWRPVEHWZHHQJUDLQVZKLFKUHVXOWHGLQWKHLQFUHPHQWRIWKH
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LQWHUIDFHKDUGQHVVEHWZHHQJUDLQV,WZDVSUREDEOHWKDWWKHDWRPLFGLIIXVLRQFRHIILFLHQWV
RI )H DQG% DWRPV LQ WKH LQWHUIDFH RI )H%)H% DQG)H%)H% JUDLQVZHUH GLIIHUHQW
ZKLFK VKRXOG EH VWXGLHGPRUH LQ WKH IXWXUH ,Q DGGLWLRQ WKH9LFNHUV KDUGQHVV RI WKH
LQWHUIDFHVRI)H%)H%DQG)H%)H%LQ)H%)HVLQWHUHGDW.ZDVFORVHWRWKH
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ZLWK ODUJHUJUDLQ VL]H DQGKLJKSRURVLW\ZHUH ODUJHU WKDQ WKDWRI FRPSDFWV VLQWHUHG DW
.,WZDVFRQVLGHUHGWKDWWKHKLJKVWUHQJWKEHWZHHQJUDLQVLQFRPSDFWVVLQWHUHGDW




RI <RXQJ¶V PRGXOXV ,Q DGGLWLRQ WKH DYHUDJH JUDLQ VL]H RI )H%)H FRPSDFWV
VLQWHUHGDW..DQG.ZHUHȝPȝPDQGȝPUHVSHFWLYHO\
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)LJXUH6(0LPDJHVRIIUDFWXUHVXUIDFHVRI)H%)HFRPSDFWVVLQWHUHGDWGLIIHUHQW
WHPSHUDWXUHV D  . DQG E  . 7KH SRUHV DQG ERQGHG SDUW RI WKH JUDLQ
ERXQGDU\ZHUHLQGLFDWHGE\WKHDUURZV
)LJXUH VKRZHG WKH6(0 LPDJHVRI IUDFWXUH VXUIDFHVRI)H%)HFRPSDFWV
VLQWHUHGDW.DQG.$VVKRZQE\DUURZVLQ)LJJUDLQERXQGDULHVZLWK
PDQ\ SRUHV ZHUH FOHDUO\ REVHUYHG LQ WKH )H%)H FRPSDFWV VLQWHUHG DW .
LQGLFDWLQJ WKH LQVXIILFLHQW DWRPLF GLIIXVLRQ ,Q FRQWUDVW QR REYLRXVO\ SRUHV ZHUH
REVHUYHGLQWKHLQWHUIDFHEHWZHHQJUDLQERXQGDU\LQWKH)H%)HFRPSDFWVVLQWHUHGDW
 . LQGLFDWLQJ WKH VXIILFLHQW DWRPLF GLIIXVLRQ ,W ZDV FRQVLGHUHG WKDW WKH JUDLQ
ERXQGDU\VWUHQJWKZDVLQFUHDVHGZLWKWKHLQFUHPHQWRIWKHVLQWHULQJWHPSHUDWXUH$VD
UHVXOW WKH FRPSUHVVLYH VWUHVV DQG VWUDLQ RI )H%)H FRPSDFWV LQFUHDVHG ZLWK WKH






SURFHVV 7KH VLQWHUDELOLW\ RI )H% ZDV VLJQLILFDQWO\ LPSURYHG E\ WKH DGGLWLRQ RI )H
ELQGHU SKDVH )H%)H DOOR\ VKRZHG KLJK UHODWLYH GHQVLW\ KDUGQHVV DQG EHQGLQJ
VWUHQJWK,QWKLVFDVHWKH)H%DOOR\ZLWKYROZDVRSWLPXP
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7KHUHODWLYHGHQVLW\RI)H%)HFRPSDFWVLQFUHDVHGZLWKWKHLQFUHPHQWRIWKH
VLQWHULQJ WHPSHUDWXUH RI  . WR  . )H%)H DOOR\V VLQWHUHG DW GLIIHUHQW
WHPSHUDWXUH VKRZHG WKH VDPH VLQWHULQJ EHKDYLRUV DFFRUGLQJ WR WKH VLQWHULQJ DQG
GHQVLILFDWLRQ UDWH FXUYHV 7KH GHQVLILFDWLRQ UDWHگ RI )H%)H DQG SXUH )H ZHUH
REWDLQHG WKHRUHWLFDOO\DQGH[SHULPHQWDOO\ DQG LWVPD[LPXPSRLQWRIگZDV VKRZQ LQ
WKHDRIDSSUR[LPDWHO\7KHSODVWLFGHIRUPDWLRQDQGSRZHUODZFUHHSGHIRUPDWLRQ
RI)HELQGHUSKDVHLQ)H%)HFRPSDFWVRFFXUUHGEHIRUHDQGDIWHUUHDFKLQJPD[LPXP
SRLQW RI گ UHVSHFWLYHO\ 7KH H[SHULPHQWDO DQG WKHRUHWLFDO UHVXOWV ZHUH LQ JRRG
DJUHHPHQW
 7KH KDUGQHVV RI )H%)H FRPSDFWV GHFUHDVHG ZLWK LQFUHPHQW RI VLQWHULQJ








WR KHWHURJHQHRXV RI WKH )H ELQGHU SKDVH ,Q WKLV FDVH )H ZDV QRW VXLWDEOH DV ELQGHU
SKDVHRI)H%
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 / 3UDNDVK DQG % *ULHV :& KDUGPHWDOV ZLWK LURQ EDVHG ELQGHUV 3URF WK
,QWHUQDWLRQDO3ODQVHH6HPLQDU5HXWWH9RO$XVWULD
 .0DWVXJL. 7RPLJDKDUD<%&KRL HW DO 3URGXFWLRQ RI KDUGPDWHULDOVZLWK
XELTXLWRXVO\ )H% V\VWHP E\ VSDUN VLQWHULQJ DQG WKHLU FKDUDFWHULVWLFV -SQ 6RF
3RZGHU3RZGHU0HWDOOXUJ\
 '=KDQJ.6XJLR.6DNDLHWDO(IIHFWRIVSDWLDOGLVWULEXWLRQRI6L&SDUWLFOHVRQ















 .0DWVXJL+.XUDPRWR2<DQDJLVDZD HW DO$FDVH VWXG\ IRUSURGXFWLRQRI
SHUIHFWO\ VLQWHUHG FRPSOH[ FRPSDFWV LQ UDSLG FRQVROLGDWLRQ E\ VSDUN VLQWHULQJ
0DWHULDOV6FLHQFHDQG(QJLQHHULQJ$
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 + .XUDPRWR . 0DWVXJL . .DZDKDUD HW DO 'HQVLILFDWLRQ UDWH RI &X$O2
FRPSRVLWHLQWKHVSDUNVLQWHULQJSURFHVV--DSDQ,QVW0HWDOV

 7 7RNRUR DQG 7 2QR 'HYHORSPHQW RI ERULGHV GLVSHUVHG PDWHULDOV ZLWK KLJK
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PHWKRG $OWKRXJK D KLJK DSSDUHQW UHODWLYH GHQVLW\ ZDV REWDLQHG D ODUJH QXPEHU RI
SRUHVVWLOORFFXUUHGEHWZHHQWKH)H%KDUGSKDVHVZKLFKUHVXOWHGLQWKHGHFUHDVHRIWKH
KDUGQHVV DQG FRPSUHVVLYH VWUHQJWK ,W ZDV FRQVLGHUHG WKDW WKH KHWHURJHQHRXV
GLVWULEXWLRQ RI WKH )H ELQGHU LQ WKH )H%±)H PL[HG SRZGHUV UHVXOWHG LQ WKH UHVLGXDO
LUUHJXODUVKDSHGSRUHV$OWKRXJKLQFUHDVLQJWKH)HFRQWHQWFRXOGGHFUHDVHWKHSRURVLW\








VROYH WKH DERYH PHQWLRQHG GUDZEDFNV %\ XVLQJ WKLV WHFKQLFDO LW ZDV H[SHFWHG WR
REWDLQ KRPRJHQHRXV GLVWULEXWLRQ RI 1L RYHU WKH HQWLUH VXEVWUDWH VXUIDFH  7KLV
WHFKQLFDO GLG QRW UHTXLUH D FXUUHQW VXSSO\ DQG VHW QR OLPLWV RQ WKH VKDSH DQG W\SH RI
VXEVWUDWH+RZHYHU HOHFWUROHVV1L SODWLQJ RQ SRZGHUVPD\EH YHU\ GLIIHUHQW IURP
WKDWRQEXONPDWHULDOV
3RZGHUV KDG PXFK KLJKHU VSHFLILF VXUIDFH DUHD WKDQ WKH EXON PDWHULDOV +LJK




VSHFLILF VXUIDFH DUHD ZRXOG IRUP ODUJH DXWRFDWDO\WLF R[LGDWLRQ 瀤 UHGXFWLRQ UHDFWLRQ
LQWHUIDFHDQGDFFHOHUDWHWKHUHDFWLRQZKLFKUHVXOWHGLQWKHUDSLGO\FKDQJLQJRIWKHS+
WKH KHDY\ FRQVXPSWLRQ RI PHWDO LRQV DQG GHFRPSRVLWLRQ RI WKH EDWK )XUWKHUPRUH




,Q WKLV FKDSWHU WKH HIIHFW RI WKH HOHFWUROHVV 1L SODWLQJ SDUDPHWHUV LQFOXGLQJ WKH
WUHDWLQJDPRXQWRIWKHEDWKHOHFWUROHVVSODWLQJWHPSHUDWXUHDQGWLPHRQWKHFRDWLQJVDQG
1L FRQWHQW RI WKH SRZGHU ZHUH LQYHVWLJDWHG 6R IDU WKHUH ZDV QR FRPSUHKHQVLYH
GHVFULEWLRQRI WKH)H%FRPSDFWVZLWK1LDGGLWLRQ7KHUHIRUH WKHHIIHFWRI1LFRQWHQW






PDWHULDOV WR GR WKH HOHFWUROHVV SODWLQJ 7KH SRZGHUV ZHUH FOHDQHG E\ DFHWRQH DQG
LPPHUVHGLQK\GURFKORULFDFLGP//IRUVIRUSUHWUHDWPHQW7KH)H%SRZGHUV
ZHUH SUHWUHDWHG EHIRUH HOHFWUROHVV SODWLQJ WR SURGXFH D VXUIDFHZLWK FDWDO\WLF DFWLYLW\
7KHQ WKH SUHWUHDWHG )H% SRZGHUV ZHUH FOHDQHG DQG SXW LQWR D EHDNHU SODFHG LQ D
WKHUPRVWDWLFZDWHUEDWKIRUHOHFWUROHVVSODWLQJ7KHDFLGSODWLQJEDWKZKLFKFRQWDLQHG
OHVV WKDQ%ZDVSXUFKDVHGIURP2NXQR&KHPLFDO ,QGXVWULHV&R/WG7KHSODWLQJ
EDWK FRQVLVWHG RI PDLQ VDOW UHGXFLQJ DJHQW FRPSOH[LQJ DJHQW VWDELOL]LQJ DJHQW 1L
VXOIDWHZDVWKHPDLQVDOWGLPHWK\ODPLQHERUDQH'0$%ZDVWKHUHGXFLQJDJHQW7KH




















7KH )H%1L SRZGHUV SUHSDUHG E\ DERYH SURFHVV ZHUH FRQVROLGDWHG E\ VSDUN
VLQWHULQJSURFHVV6FDQHOHFWURQPLFURVFRS\6(0ZDVXWLOL]HGWRDQDO\]HWKHVXUIDFH
PRUSKRORJ\ RI WKH RULJLQDO )H% SRZGHU EHIRUH SUHWUHDWPHQW )H% SRZGHU DIWHU
SUHWUHDWPHQW FRPSRVLWH SRZGHU REWDLQHG DIWHU HOHFWUROHVV SODWLQJ VLQWHUHG FRPSDFWV
7KHTXDQWLWDWLYHDQDO\VLVZDVFRQGXFWHGRQVHOHFWHGFRPSDFWVE\HOHFWURQSUREHPLFUR
DQDO\VLV(30$7KHWUHDWLQJDPRXQWRIWKHEDWKZDVFKDUDFWHUL]HGE\WKHUDWLRRIWKH
PDVVRI WKH)H%SRZGHU WR WKHYROXPHRI WKHSODWLQJEDWK7KHSRURVLW\RI FRPSDFWV
ZDV PHDVXUHG E\ WKH LPDJH DQDO\VLV PHWKRG 7KH GHQVLWLHV RI WKH FRPSDFWV ZHUH
PHDVXUHGE\$UFKLPHGHV¶PHWKRG7KHWKHUPDODQDO\VLVZDVFDUULHGRXWE\GLIIHUHQWLDO
VFDQQLQJ FDORULPHWU\ '6&1(7=6&+ 67$ &*HUPDQ\ DW D FRQVWDQW KHDWLQJ
DQGFRROLQJUDWHRI.VDW±.LQDQDWPRVSKHUHRISXUHDUJRQZLWKDIORZ
UDWHRIP/V;UD\GLIIUDFWLRQ ;5'ZDV HPSOR\HG IRUSKDVH LGHQWLILFDWLRQE\
XVLQJ &X .Į UDGLDWLRQ Ȝ   QP DW  N9 DQG  $ 7KH KDUGQHVV RI WKH
FRPSDFWV ZDV PHDVXUHG E\ D 9LFNHUV KDUGQHVV WHVWHU ORDG NJ V 7KH IUDFWXUH
WRXJKQHVVK,&RIWKH)H%±1LFRPSDFWVZDVGHWHUPLQHGE\PHDVXULQJWKHFUDFNOHQJWK
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7KH<RXQJ¶VPRGXOXVEZDV*3D DFFRUGLQJ WR WKH UXOH RIPL[WXUHV FDOFXODWLRQ
EHWZHHQWKH<RXQJ¶VPRGXOXVRI)H%DQGWKDWRI1L7KH<RXQJ¶VPRGXOXVRI)H%DQG
1L ZHUH DSSUR[LPDWHO\  *3D DQG  *3D UHVSHFWLYHO\ + ZDV WKH 9LFNHUV
KDUGQHVV3ZDVWKHLQGHQWDWLRQORDGDQGFZDVWKHKDOIRIWKHLQGHQWDWLRQFUDFNOHQJWK






7KH VXUIDFH PRUSKRORJLHV RI WKH LQLWLDO )H% SRZGHUV EHIRUH DQG DIWHU
SUHWUHDWPHQWZDVVKRZQLQ)LJDDQGE7KHVXUIDFHRIWKHLQLWLDO)H%SRZGHUV
ZDVVPRRWKZLWKRXWREYLRXVVWHSVEHIRUHSUHWUHDWPHQWWKHVXUIDFHZDVIODWDQGVPRRWK
$ PHFKDQLFDO VXUIDFH UHVXOWLQJ IURP WKH SHOOHWL]LQJ SURFHVV ZDV REVHUYHG $IWHU
SUHWUHDWPHQWDPDVVRIVWHSVDQGKROHVIRUPHGRQWKHVXUIDFH7KHHOHFWUROHVVSODWLQJRQ




GHSRVLW PHWDO LRQV +DYLQJ PRUH GHIHFWV RQ WKH VXUIDFH RI )H% SRZGHU DIWHU
SUHWUHDWPHQW LQFUHDVHG WKH GHSRVLWLRQ RI 1L JUDLQV 6R WKDW WKH QXFOHDWHG DQG JURZQ
SODWHG1LOD\HUFRXOGGLVWULEXWHPRUHHYHQO\








SODWLQJ WR WKH YROXPH RI WKH EDWK 7KH WUHDWLQJ DPRXQW DIIHFWHG WKH 1L FRQWHQW DQG
SURSHUWLHVRIWKHFRDWLQJGXHWRWKHODUJHVSHFLILFVXUIDFHDUHDRIWKH)H%SDUWLFOHV7KH
HIIHFWRI WUHDWLQJDPRXQWRI WKHEDWKRQ WKH1LFRQWHQWZDV VKRZQ LQ)LJ7KH1L
FRQWHQWRIWKH)H%SRZGHULQFUHDVHGUDSLGO\ZKHQWKHWUHDWLQJDPRXQWZDVORZHUWKDQ
JO 7KH PRUH )H% SRZGHU ZLWK ODUJHU VSHFLILF VXUIDFH DUHD UHVXOWHG LQ WKH IDVWHU
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UHDFWLRQ UDWH ,W ZDV FRQVLGHUHG WKDW H[FHVVLYH UHDFWLRQ UDWH H[FHHGHG WKH SURFHVVLQJ






EHWWHU WKDQ WKDW RI F DQG G /DUJH WUHDWLQJ DPRXQW DFFHOHUDWHG WKH UHDFWLRQ UDWH
FDXVHGWKHUHDFWLRQFRQFHQWUDWHGDWWKHVXUIDFHGHIHFW$VDUHVXOWWKH1LOD\HUZDVQRW
GLVWULEXWHGHYHQO\EHIRUHWKHHQGRIWKHHOHFWUROHVVSODWLQJ0RUHRYHULWZDVGLIILFXOWWR
GLVSHUVH WKH )H%SRZGHUZLWK WRRPXFK)H% SRZGHU7KH DJJORPHUDWLRQ RI WKH )H%
SRZGHUIXUWKHUFDXVHGWKHXQHYHQRIWKH1LFRDWLQJVDVVKRZQLQ)LJFDQGG,Q












7KH GLVWULEXWLRQ RI 1L OD\HU LQ D DQG E ZDV PRUH HYHQ WKDQ WKDW RI F DQG G
+RZHYHUZLWKLQFUHDVLQJWKHWUHDWLQJDPRXQWRIWKHEDWKDJJORPHUDWLRQRIWKHSRZGHU
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ZDV REVHUYHG 6PDOO 1L SDUWLFOHV PD\ EH WKH GHFRPSRVLWLRQ RI WKH 1L OD\HUV7KH
;5'SDWWHUQVRI HOHFWUROHVV1LSODWHG)H%SRZGHUXQGHUGLIIHUHQW WUHDWLQJDPRXQWRI







EDWKZDV HQKDQFHGZKLFKZDV HDVLHU WR DGVRUE RQ WKH VXUIDFH RI WKH )H%SRZGHU WR
SDUWLFLSDWHLQWKHFKHPLFDOUHDFWLRQ7KXV WKHGHSRVLWLRQUDWHRI WKH1LLQFUHDVHGZLWK
WKHLQFUHDVHRIEDWKWHPSHUDWXUH&RQVHTXHQWO\WKH1LFRQWHQWRI)H%SRZGHULQFUHDVHG
ZLWK WKHEDWK WHPSHUDWXUHDVVKRZQLQ)LJ%XW WKH WHPSHUDWXUHRI WKHEDWKFRXOG











7KHHIIHFWRI WKHEDWK WHPSHUDWXUHRQ WKHPRUSKRORJLHVRIHOHFWUROHVVSODWHG)H%
ZDV VKRZQ LQ )LJ $V FDQ EH VHHQ LQ WKLV ILJXUH ZLWK WKH LQFUHDVH RI EDWK
WHPSHUDWXUH WKHGLVWULEXWLRQRI WKH1LFRDWLQJZDVQRWJRRGDFFRPSDQLHGE\SRZGHU
DJJORPHUDWLRQ7KLVPD\EHUHODWHGWRWKHIDVWFKHPLFDOUHDFWLRQDQGWKHJDVSURGXFHG
Chapter 3 Preparation of FeB-Ni Alloys by both Electroless Plating and Spark Sintering Methods

LQ WKHFKHPLFDO UHDFWLRQ7KH LQFUHDVHRI WHPSHUDWXUHZRXOGDFFHOHUDWH WKHUDWHRIJDV
UHOHDVHLQSODWLQJEDWKZKLFKZRXOGKLQGHUWKHGHSRVLWLRQRIWKHPHWDOLRQ,WFRXOGEH
IXUWKHUXQGHUVWDQGLQJIURPWKHPDSSLQJDQDO\VLVVKRZQLQ)LJ7RRIDVWFKHPLFDO

















WKH 1L FRQWHQW RI WKH )H% SRZGHU ,W FDQ EH VHHQ IURP WKH ILJXUH WKDW WKH FKHPLFDO
UHDFWLRQ UDWHZDVYHU\ IDVW LQ WKH LQLWLDONV7KLVPD\EHEHFDXVH WKHKLJKVXUIDFH
DFWLYLW\ DQGPRUH QXFOHDWLRQ VLWHV RI WKH)H%SRZGHU DGVRUEHG D ODUJHQXPEHU RI1L
LRQV RQ LWV VXUIDFH LQ WKH LQLWLDO VWDWH RI HOHFWUROHVV SODWLQJ 7KH DGVRUEHG 1L LRQV
LQYROYHG LQ WKH FKHPLFDO UHDFWLRQ DQG IRUPHG WKH 1L FRDWLQJ :LWK WKH LQFUHDVH RI
SODWLQJ WLPH WR  NV WKH LQFUHDVH RI1L FRQWHQWZDV VOLJKWO\ GHFUHDVH 7KH1L LRQV
DURXQGWKHSRZGHUZHUHFRQVXPHGLQODUJHTXDQWLWLHVGXHWRWKHIDVWUHDFWLRQUDWH,WZDV
GLIILFXOWWREHVXSSOHPHQWHGHIIHFWLYHO\LQDVKRUWSHULRGRIWLPH7KHGHFUHDVHRIWKH1L
LRQ LQ WKH UHDFWLRQ UHVXOWHG LQ WKH GHFOLQH RI WKH UHDFWLRQ UDWH $IWHU  NV WKH 1L
FRQWHQW LQFUHDVHGJHQWO\ ,Q WKLV FDVH WKH UHGXFLQJDJHQW DQG1L LRQVZHUHFRQVXPHG
WRRPXFKVRWKDWWKHUHDFWLRQWHQGHGWRVWRS
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7KLV PD\ EH UHODWHG WR WKH XQLIRUP GLVWULEXWLRQ RI WKH 1L FRDWLQJ VXSSUHVVHG WKH
DJJORPHUDWLRQRIWKHSRZGHU:LWKWKHLQFUHDVHRIWKHSODWLQJWLPHWKH1LFRQWHQWRIWKH
SRZGHU LQFUHDVHG JUDGXDOO\ ZKLFK LQGLFDWHG WKDW WKH WKLFNQHVV RI WKH FRDWLQJ DOVR
LQFUHDVHG (OHFWUROHVV SODWLQJ IRU WRR ORQJ WLPH ODUJH SDUWLFOHVZHUH REVHUYHG LQ )LJ
G,WZRXOGPDNHWKHFRDWLQJORRVHDQGSRRUTXDOLW\DVFDQEHVHHQLQ)LJG














1L )H%1L )H%1L DQG )H%1L 7KH HIIHFW RI WKH 1L FRQWHQW RI WKH )H%
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)LJXUH  VKRZHG WKH UHODWLRQ EHWZHHQ VLQWHULQJ WHPSHUDWXUH DQG DSSDUHQW
UHODWLYH GHQVLW\ RI )H%1L )H%1L )H%1L )H%1L DQG SXUH 1L FRPSDFWV
7KHVLQWHULQJFXUYHVRI)H%1LFRPSDFWVZLWKGLIIHUHQW1LFRQWHQWVZHUHVKRZQLQWKLV
ILJXUH 6LQWHULQJ FXUYHV RI )H%1L FRPSDFWV ZLWK GLIIHUHQW 1L FRQWHQWV VKRZHG WKH
VLPLODU VLQWHULQJ EHKDYLRUV UHJDUGOHVV RI 1L FRQWHQWV DOWKRXJK WKHLU DSSDUHQW UHODWLYH
GHQVLWLHV ZHUH LQFUHDVHG ZLWK WKH LQFUHPHQW RI 1L FRQWHQWV 7KH DSSDUHQW UHODWLYH
GHQVLWLHVRI)H%1LFRPSDFWVZLWKGLIIHUHQW1LFRQWHQWVZHUHLQFUHDVHGPRQRWRQRXVO\
LQWKHWHPSHUDWXUHUDQJHEHORZ.$QGWKHQWKHDSSDUHQWUHODWLYHGHQVLW\EHFDPH
DOPRVW FRQVWDQW DERYH WKLV WHPSHUDWXUH $IWHU WKDW WKH DSSDUHQW UHODWLYH GHQVLW\
LQFUHDVHGUDSLGO\GXHWRWKHDSSHDUDQFHRIOLTXLGSKDVH0RUHRYHUWKHVORSHRIVLQWHULQJ
FXUYHVEHORZDERXW.IRU)H%1LFRPSDFWVZDVLQFUHDVHGZLWKWKHLQFUHDVHRI1L
FRQWHQW 7KH VORSH LQ WKH VLQWHULQJ FXUYHV PHDQW WKH FRQVROLGDWLRQ UDWH LQ WKH
WHPSHUDWXUH UDQJH EHORZ  . 2Q WKH RWKHU KDQG WKH GHIRUPDWLRQ RI )H% KDUG
SKDVHV FRXOG QRW EH H[SHFWHG EHORZ.EHFDXVH RI WKH VOLJKWO\ LQFUHPHQW RI WKH
DSSDUHQW UHODWLYH GHQVLW\ DFFRUGLQJ WR WKH VLQWHULQJ FXUYH RI )H% FRPSDFW ,W ZDV
IRXQG WKDW WKH LQFUHPHQW RI WKH DSSDUHQW UHODWLYH GHQVLW\ RI )H%1L FRPSDFWV ZDV
PDLQO\GXHWRWKHDGGLWLRQRI1L$VVKRZQLQ)LJWKHVLQWHULQJFXUYHRI)H%1L
FRPSDFW ZLWK ORZ DSSDUHQW UHODWLYH GHQVLW\ FRPSDUHG ZLWK )H% ZLWK KLJK YROXPH
IUDFWLRQ RI1L7KH VLQWHULQJ FXUYHRI WKH SXUH1L FRPSDFW VKRZHGJRRG VLQWHUDELOLW\
GXHWRWKHKLJKVORSDQGDSSDUHQWUHODWLYHGHQVLW\





ZKHUHD DQG t ZHUH DSSDUHQW UHODWLYH GHQVLW\ DQG WKH FRUUHVSRQGLQJ VLQWHULQJ WLPH
UHVSHFWLYHO\ ,WZDV UHSRUWHG WKDWSODVWLFGHIRUPDWLRQRI WKHFRPSDFWVRFFXUUHGEHIRUH
UHDFKLQJPD[LPXPSRLQWRIWKHگ$IWHUWKDWSRZHUODZFUHHSGHIRUPDWLRQRIFRPSDFWV
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RFFXUUHGXVLQJSXUHFRSSHUSXUH7LDQG$O2DGGHGFRSSHUSRZGHUV7KHSHDNVRI
گ RI )H%1L )H%1L )H%1L DQG )H%1L FRPSDFWV RFFXUUHG DW  
DQGUHVSHFWLYHO\ZKLFKZHUHVLPLODULW\2QWKHEDVLVRIWKHSUHYLRXVUHVXOWVLW
ZDV FRQVLGHUHG WKDW WKHSODVWLFGHIRUPDWLRQRI1L OD\HU LQ)H%1L FRPSDFWVRFFXUUHG
EHIRUHUHDFKLQJPD[LPXPSRLQWRIWKHگ$IWHUWKDWSRZHUODZFUHHSGHIRUPDWLRQRI1L
OD\HU RFFXUUHG LQ FRPSDFWV 3XUH1L FRPSDFW VKRZHG KLJK GHQVLILFDWLRQ UDWH DQG LWV
SHDNYDOXHZDV DWD ZKLFKZDV FORVH WR)H%a1L FRPSDFWV ,Q FRQWUDVW WKH
YDOXHLQگSHDNRI)H%1LFRPSDFWZDVPXFKORZHUWKDQWKRVHRI)H%1LFRPSDFWV,W
ZDV SURYHG WKDW WKH )H% SKDVH VKRZHG OLWWOH GHIRUPDWLRQ LQ WKLV WHPSHUDWXUH UDQJH
EHORZ.7KHUHIRUHWKHSODVWLFGHIRUPDWLRQRI1LOD\HUFDXVHGE\-RXOH¶VKHDW
JHQHUDWLRQDPRQJSDUWLFOHVSOD\HGWKHGRPLQDQWUROHLQLQFUHDVLQJWKHDSSDUHQWUHODWLYH
GHQVLW\ IRU)H%1L FRPSDFWV ,WPHDQW WKDW LQFUHPHQW RI DSSDUHQW UHODWLYHGHQVLW\ IRU
)H%1L FDXVHG E\ WKH HOHFWUROHVV SODWLQJ YRO 1L RQ )H% SRZGHU VXUIDFHV
0RUHRYHUWKHDSSDUHQWUHODWLYHGHQVLW\FRXOGEHIXUWKHULPSURYHGE\PRUH1LDGGLWLRQ
0LFURVWUXFWXUHVDQGPHFKDQLFDOSURSHUWLHVRIWKH)H%1LFRPSDFWV
)LJXUH VKRZHGFRPSRVLWLRQDO LPDJHVRI WKH D)H%1L E)H%1L F
)H%1LDQGG)H%1LFRPSDFWV,WZDVQRWHGWKDWXQLIRUP1LOD\HUVIRUPHGRQ
)H% SRZGHU VXUIDFHV ZHUH REVHUYHG DIWHU FRQVROLGDWLRQ 7KH )H%1L FRPSDFWV ZLWK
GLIIHUHQW 1L FRQWHQWV DFKLHYHG OHVV SRURVLW\ EHFDXVH WKH 1L ELQGHU SKDVH ILOOHG WKH
H[LVWLQJYRLGVEHWZHHQ)H%SDUWLFOHV0RUHRYHU WKH1LOD\HUDURXQGWKH)H%SDUWLFOHV
UHGXFHGWKHGLUHFWFRQWDFWRIWKHKDUGSKDVHVGXULQJVLQWHULQJZKLFKDOVRGHFUHDVHGWKH
SRURVLW\ 7KH DYHUDJH SRURVLWLHV LQ )H%1L )H%1L )H%1L DQG )H%1L
FRPSDFWV VLQWHUHG DW .ZHUH    DQG  UHVSHFWLYHO\ $V
UHIHUHQFHWKHSRURVLW\RI)H%FRPSDFWZDV,WZDVFRQVLGHUHGWKDWWKHSRURVLW\
ZDVGHFUHDVHGZLWKLQFUHPHQWRIWKH1LFRQWHQWV+RZHYHUPXFKPRUH1LDGGLWLRQPD\
UHVXOW WKH HQULFKPHQW RI WKH1L DV VKRZQ LQ )LJF DQG G )LJXUH  VKRZHG
;5' SDWWHUQV RI WKH D )H%1L E )H%1L F )H%1L DQG G )H%1L
FRPSDFWV;5' SDWWHUQV RI )H%1L FRPSDFWVZLWK GLIIHUHQW1L FRQWHQWV UHYHDOHG WKH
SUHVHQFHRI)H%)H%DQG1LSHDNV7KHUHZHUHPDLQFRQVWLWXHQW)H%SKDVHRI




LQGLFDWLQJ WKDW WKH VWUXFWXUH RI WKH 1L OD\HUV ZDV WUDQVIRUPHG IURP DPRUSKRXV WR









1L )H%1L )H%1L )H%1L FRPSDFWV 7KH 9LFNHUV KDUGQHVV RI )H%1L
FRPSDFWZDVKLJKHUWKDQWKDWRI)H%1L)H%1LDQG)H%1LFRPSDFWVVLQWHUHGDW
WKH VDPH WHPSHUDWXUH ,W ZDV FRQVLGHUHG WKDW WKH LQFUHPHQW RI WKH VRIW 1L FRQWHQWV
UHVXOWHGLQWKHGHFUHDVHGRIWKHKDUGQHVV,QDGGLWLRQWKH9LFNHUVKDUGQHVVRI)H%1L
FRPSDFW ZDV FORVH WR WKDW RI )H%1L FRPSDFW GXH WR VDPH OHYHO SRURVLW\ DQG WKH
HQULFKPHQW RI WKH 1L ELQGHU SKDVH 0RUHRYHU WKH 9LFNHUV KDUGQHVV RI )H%1L
FRPSDFWZDVKLJKHUWKDQWKDWRI)H%1LFRPSDFWGXHWRWKHORZSRURVLW\DOWKRXJKWKH
1LZLWKORZKDUGQHVVZDVDGGHG
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)LJXUH  VKRZHG FRPSUHVVLYH VWUHVVVWUDLQ FXUYHV RI WKH )H%1L )H%1L
)H%1L DQG )H%1L FRPSDFWV )H%1L FRPSDFWV VKRZHG WKH KLJK FRPSUHVVLYH
VWUDLQPRUHWKDQDOWKRXJKWKDWRIDSSUR[LPDWHO\ZDVVKRZQLQWKH)H%1L





DQG UHGXFHG WKH FRPSUHVVLYH VWUHQJWK 7KH W\SLFDO IUDFWXUH VXUIDFHV RI )H%1L DQG
)H%1LFRPSDFWVZHUHVKRZQLQ)LJ6PRRWKVXUIDFHZLWKFOHDYDJHVWHSVZHUH
REVHUYHGLQ WKHVH WZRIUDFWXUHVXUIDFHV7KHIUDFWXUHPRGHRI)H%1LDQG)H%1L
ZDV WKHPL[WXUH RI LQWUDJUDQXODU IUDFWXUH DQG LQWHUJUDQXODU IUDFWXUH*UDLQ ERXQGDULHV
EHWZHHQ)H%SKDVHVZLWKPDQ\SRUHVDQGIUDJPHQWDWLRQRIWKHILQHJUDLQVEHWZHHQWKH
)H% SKDVHV ZHUH REVHUYHG LQ )LJ D ,W ZDV FRQVLGHUHG WKDW QR FRQWLQXRXV 1L
OD\HUVZHUHIRUPHGDURXQGWKH)H%SDUWLFOHVGXHWRWKHLQVXIILFLHQW1LDGGLWLRQ:KLOH
QRREYLRXVO\SRUHVZHUHREVHUYHGEHWZHHQWKH)H%SDUWLFOHVDVVKRZQLQ)LJE,W
ZDV FRQVLGHUHG WKDW FRQWLQXRXV 1L OD\HUV ZHUH IRUPHG DURXQG WKH )H% SDUWLFOHV DQG








VDPH VLQWHULQJ WHPSHUDWXUH 7KH VLQWHULQJ DELOLW\ PLFURVWUXFWXUHV DQG PHFKDQLFDO
SURSHUWLHV RI )H% FRPSDFWV ZLWK GLIIHUHQW 1L FRQWHQW ZHUH LQYHVWLJDWHG ,W ZDV
FRQFOXGHG WKDW )H%1L KDUG PDWHULDOV KDG WKH SRVVLELOLW\ WR VXEVWLWXWH WKH:&&R
KDUGPDWHULDOVDFFRUGLQJWRDERYHPHQWLRQHGUHVXOWV+RZHYHUWKHPDMRULW\RIWKHZRUN
E\IDUGHDOWZLWKWKHLPSURYHPHQWRIWKHVLQWHUDELOLW\RI)H%KRPRJHQHRXVGLVWULEXWLRQ
RI WKH1LELQGHU DQG WKH LQIOXHQFHRI WKH1LFRQWHQW7KHUHZHUH IHZ UHVHDUFKRQ WKH
LQIOXHQFHRIWKHVLQWHULQJSURFHVVRQWKHPLFURVWUXFWXUHDQGPHFKDQLFDOSURSHUWLHVRIWKH
)H%1L FRPSDFWV 6SDUN 3ODVPD 6LQWHULQJ 636 RIIHUHGPDQ\ DFFHVVLEOH SDUDPHWHUV
IRU SURFHVVLQJ EXON FRPSDFWV WHPSHUDWXUH KROGLQJ WLPHV HW DO 7KHVH SURFHVV
SDUDPHWHUV FRXOG EH YDULHG LQ RUGHU WR JHW GLIIHUHQW PLFURVWUXFWXUH VLQFH WKH
PLFURVWUXFWXUHZDVUHVSRQVLEOHIRUFRQWUROOLQJWKHPHFKDQLFDOSURSHUWLHV7KHUHIRUHWKH








)LJXUH  VKRZHG WKH LQIOXHQFH RI VLQWHULQJ WHPSHUDWXUH RQ WKH UHODWLYH GHQVLW\ RI
)H%1LFRPSDFWV7KHKHDWLQJUDWHKROGLQJWLPHDQGSUHVVXUHZHUHIRU.PLQ
NV DQG  03D UHVSHFWLYHO\ )H%1L FRPSDFWV ZLWK KLJK UHODWLYH GHQVLW\ FRXOG EH
REWDLQHGDERYH.$V WKH WHPSHUDWXUH LQFUHDVHG WKHGLIIXVLRQFRHIILFLHQWRI WKH
DWRP LQFUHDVHG DQG WKH DWRPLF GLIIXVLRQ SURFHVV EHFDPHPRUH DFWLYH7KH1L ELQGHU
SKDVHEHJDQWRVHOIGLIIXVLRQRQWKHVXUIDFH:LWKIXUWKHULQFUHDVHGLQWHPSHUDWXUHWKH
GLIIXVLRQEHWZHHQ)H%KDUGSKDVHDQGELQGHUSKDVHRFFXUUHGDQGWKHUHODWLYHGHQVLW\RI
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WKHFRPSDFWV LQFUHDVHG ,QDGGLWLRQ WKHSODVWLF IOXLGLW\RI WKHPDWHULDO LQFUHDVHGZLWK
WKHLQFUHDVHRIWHPSHUDWXUH7KHUHODWLYHGHQVLW\ZRXOGEHIXUWKHULPSURYHG
)LJXUH  VKRZHG WKH FRPSRVLWLRQDO LPDJHV RI)H%1L FRPSDFWV VLQWHUHG DW
WKHWHPSHUDWXUHUDQJHRIWR.,WFRXOGEHVHHQWKDWWKHGLVWULEXWLRQRIWKH1L
ELQGHUSKDVHZDVUHODWLYHO\KRPRJHQHRXV1RREYLRXVO\JUDLQJURZWKRI WKH)H%ZDV
REVHUYHG LQ )LJ  D E DQG F +RZHYHU PDQ\ SRUHV ZHUH REVHUYHG LQ WKLV
FRPSDFWZKLFKUHVXOWHGLQORZUHODWLYHGHQVLW\$VWKHVLQWHULQJWHPSHUDWXUHLQFUHDVHG
WR.WKHJUDLQJURZWKRIWKH)H%ZDVVWLOOQRWREYLRXVDQGWKHSRURVLW\GHFUHDVHG
DV VKRZQ LQ )LJ  G :KHQ WKH VLQWHULQJ WHPSHUDWXUH H[FHHGHG WKH HXWHFWLF
WHPSHUDWXUH RI  . WKH IXOO\ GHQVH )H%1L FRPSDFW ZDV REWDLQHG ZLWKRXW
REYLRXVO\SRUHVDVVKRZQLQ)LJHDQGI:LWKWKHLQFUHDVHRIWHPSHUDWXUHWKH
IOXLGLW\ RI WKH1L ELQGHU SKDVH LQFUHDVHG 7KH LPSURYHPHQW RI WKH IOXLGLW\ RI WKH1L








+RZHYHU H[FHVVLYHKLJKVLQWHULQJ WHPSHUDWXUHFRXOGFDXVHFRQVLGHUDEOH ORVVRI
WKH1LELQGHUGXHWRWKHKLJKHUYDSRUSUHVVXUHRI1L7KHORVVRI1LLQSUDFWLFHKDGEHHQ
UHSRUWHG WREHRUPRUH ,QDGGLWLRQKLJKVLQWHULQJ WHPSHUDWXUHSURPRWHGWKH
IRUPDWLRQRI OLTXLGSKDVHH[FHVVLYH OLTXLGSKDVHHDVLO\ UHVXOWHG LQ WKH OLTXLG OHDNDJH
1RHQRXJKELQGHUSKDVHVWRILOOWKHSRUHVUHVXOWLQJLQWKHGHFUHDVHRIWKHUHODWLYHGHQVLW\
,QDGGLWLRQKLJKVLQWHULQJWHPSHUDWXUHZRXOGUHVXOWLQWKHJUDLQJURZWKVLJQLILFDQWO\






Chapter 3 Preparation of FeB-Ni Alloys by both Electroless Plating and Spark Sintering Methods

)LJXUH  VKRZHG WKH9LFNHUV KDUGQHVV RI WKH )H%1L FRPSDFWV VLQWHUHG DW
GLIIHUHQWWHPSHUDWXUH$VVKRZQLQWKLVILJXUHWKHKDUGQHVVRIWKH)H%1LFRPSDFWV
LQFUHDVHGZLWKWKHLQFUHDVHRIWKHVLQWHULQJWHPSHUDWXUHDWWKHWHPSHUDWXUHUDQJHRI
WR  . ,W ZDV PDLQO\ EHFDXVH WKH SRURVLW\ RI WKH FRPSDFWV GHFUHDVHG ZLWK WKH
LQFUHPHQWRI WKHVLQWHULQJ WHPSHUDWXUH ,QDGGLWLRQ WKHJUDLQVL]HDQGKRPRJHQHLW\RI
WKH1LGLVWULEXWLRQRI WKH)H%1LFRPSDFWVDOVRDIIHFWHG WKHKDUGQHVVRI WKHPDWHULDO
$OWKRXJKWKHJUDLQVL]HRI)H%1LFRPSDFWVVLQWHUHGDW.ZDVODUJHU WKDQWKH




7KH IUDFWXUH WRXJKQHVV RI PDWHULDOV ZDV D FULWLFDO VWDWH ZKLFK FKDUDFWHUL]HG WKH




VLQWHUHG DW  . ZDV JUHDWO\ LPSURYHG 7KH LPSXULWLHV LQ WKH JUDLQ ERXQGDU\ WKH
GHIHFWVVXFKDVSRUHVDQGWKHFRDUVHJUDLQVL]HZRXOGZHDNHQWKHIUDFWXUHWRXJKQHVVRI
WKHFRPSDFWV$VPHQWLRQHGDERYHWKHSRURVLW\RIWKH)H%1LFRPSDFWVVLQWHUHGDW
 . ZDV ORZHU WKDQ WKH FRPSDFWV VLQWHUHG DW ORZHU WHPSHUDWXUH 3RURVLW\ KDG D
JUHDWHU LPSDFW RQ WKH IUDFWXUH WRXJKQHVV GXH WR WKH SRUHVZRXOG EH WKH VRXUFH RI WKH
FUDFN SURSDJDWLRQ0RUHRYHU WKHPRUH HYHQ GLVWULEXWLRQ RI WKH1L ELQGHU SKDVH DOVR




LQFUHDVLQJRI WKHVLQWHULQJ WHPSHUDWXUHZKLOH WKHSRURVLW\DQGRWKHUGHIHFWVJUDGXDOO\
GHFUHDVHG+DUGQHVV DQG IUDFWXUH WRXJKQHVVZHUH ORZ XQGHU VROLG SKDVH VLQWHULQJ$W
ORZOLTXLGSKDVHVLQWHULQJWHPSHUDWXUHDFRPSDFWZLWKKLJKFRPSUHKHQVLYHPHFKDQLFDO









ZKROHGHQVLILFDWLRQRFFXUUHGEHIRUH UHDFKLQJ WKH WDUJHW WHPSHUDWXUH7KLV LPSOLHG WKDW
WKHKROGLQJWLPHGLGQ¶WKDYHDODUJHLQIOXHQFHRQWKHUHODWLYHGHQVLW\RI WKHFRPSDFWV
ZKLFKYHULILHGE\WKHFRQFOXVLRQREWDLQHGIURPWKHH[SHULPHQWDOUHVXOWVVKRZQLQ)LJ
7KH ILJXUHZDV IRU WKH)H%1L FRPSDFWKHDWHG WR.DQGKHOG IRU WLPHV















H[LVWHG PDQ\ SRUHV 1L FRQWHQW RI WKH FRPSDFWV GHFUHDVHG ZLWK WKH LQFUHDVH RI WKH
KROGLQJ WLPH)H%1LFRPSDFW VLQWHUHGDW.ZDV OLTXLGSKDVHVLQWHULQJ/RQJ
KROGLQJWLPHZRXOGFDXVHOHDNDJHRIWKHOLTXLGSKDVH,QDGGLWLRQWKHORQJKROGLQJWLPH
DOVRFDXVHGFRQVLGHUDEOHORVVRIWKH1LELQGHU7KHORVVRIWKH1LELQGHUSKDVHUHVXOWHG
LQ WKH LQFUHDVHRI WKHSRURVLW\0RUHRYHU LWZDV FOHDU WKDW KROGLQJ WLPHKDG D VWURQJ
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HIIHFWRQ WKHJUDLQVL]H)RU WKHKROGLQJWLPHOHVV WKDQNV WKHJURZWKRI WKHJUDLQ
VL]H FRXOG EH QHJOLJLEOH ,Q FRQWUDVW IRU WKH KROGLQJ WLPH RI  NV WKH )H% JUDLQV





DW  . KROGLQJ DW WKH UDQJH RI  WR  NV ,W FRXOG EH VHHQ WKDW WKH KDUGQHVV
GHFUHDVHGZLWKWKHLQFUHDVHRIWKHKROGLQJWLPH7KH)H%1LVLQWHUHGDW.ZDV
LQ OLTXLGSKDVHVLQWHULQJ3URORQJHG WKHKROGLQJ WLPHPD\FDXVHH[FHVVLYH LQFUHDVHRI
WKHOLTXLGSKDVHZKLFKDOVRUHVXOWHGLQWKHJUDLQJURZWK7KHKDUGQHVVRIWKHFRPSDFW
ZDV DSSUR[LPDWHO\ LQYHUVHO\ SURSRUWLRQDO WR WKH JUDLQ VL]H ,Q DGGLWLRQ ORQJ KROGLQJ









0HFKDQLFDO SURSHUWLHV ZHUH KLJKO\ UHODWHG WR WKH UHODWLYHO\ GHQVLW\ DQG
PLFURVWUXFWXUH )LJXUH  VKRZHG WKH IUDFWXUH WRXJKQHVV RI )H%1L FRPSDFWV
VLQWHUHG DW. IRU GLIIHUHQWKROGLQJ WLPHV ,QJHQHUDO WKH IUDFWXUH WRXJKQHVVZDV
LQYHUVHO\ SURSRUWLRQDO WR WKH KDUGQHVV+LJK KDUGQHVVZRXOG UHVXOW LQ ORZ WRXJKQHVV
+RZHYHU WKH IUDFWXUH WRXJKQHVV GHFUHDVHG ZLWK WKH LQFUHDVH RI WKH KROGLQJ WLPH DV
VKRZQLQWKLVILJXUH7KHIUDFWXUHWRXJKQHVVZDVXVHGWRGHVFULEHWKHUHVLVWDQFHWRFUDFN
JURZWK ,WZDV VHQVLWLYH WR WKH VXUIDFH GHIHFWV VXFK DV WKH SRUHV DQG WKH FUDFNV 7KH
SRURVLW\ LQFUHDVHGZLWK WKH LQFUHDVHRI WKHKROGLQJ WLPH+LJKSRURVLW\UHVXOWHG LQ WKH
ORZIUDFWXUHWRXJKQHVV,QDGGLWLRQWKHILQHUJUDLQVL]HFRXOGPDNHWKHFUDFNGHIOHFWDQG
LPSURYH WKH WRXJKQHVV 7KDW PHDQV FRDUVH JUDLQ VL]H UHVXOWHG LQ WKH GHFUHDVH RI WKH
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FRQWHQW7KH GHQVLILFDWLRQ UDWH FXUYHV VKRZHG WKDW WKH SODVWLFGHIRUPDWLRQ DQG SRZHU
ODZFUHHSGHIRUPDWLRQRIWKH1LELQGHUSKDVHLQWKH)H%±1LFRPSDFWVRFFXUUHGEHIRUH
DQGDIWHUUHDFKLQJWKHPD[LPXPGHQVLILFDWLRQUDWH
 7KH )H%1L FRPSDFWV ZHUH IDEULFDWHG E\ VSDUN VLQWHULQJ SURFHVVHV XQGHU
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 





XQLD[LDOO\ FRPSUHVVHG LQ FORVHG GLH LQ VSDUN VLQWHULQJ SURFHVV - -DSDQ ,QVWLWXWH
0HWDOVDQG0DWHULDOV
 .0DWVXJL+.XUDPRWR2<DQDJLVDZD HW DO$FDVH VWXG\ IRUSURGXFWLRQRI
SHUIHFWO\ VLQWHUHG FRPSOH[ FRPSDFWV LQ UDSLG FRQVROLGDWLRQ E\ VSDUN VLQWHULQJ
0DWHULDOV6FLHQFHDQG(QJLQHHULQJ$
 + .XUDPRWR . 0DWVXJL . .DZDKDUD HW DO 'HQVLILFDWLRQ UDWH RI &X
$O2FRPSRVLWH LQ WKH VSDUN VLQWHULQJ SURFHVV - -DSDQ ,QVWLWXWH RI0HWDOV DQG
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SURGXFW RI WRRO PDWHULDOV LQGXVWU\ 1RZDGD\V DOPRVW  RI WRWDO SURGXFWLRQ RI
FHPHQWHGFDUELGHVJRHVLQWRPHWDOFXWWLQJWRROV2QHRIWKHPDLQWRSLFVRIWKHDFWXDO
UHVHDUFK LQ WKH ILHOG RI FHPHQWHG FDUELGHV PDLQO\ LQYROYHG WKH GHYHORSPHQW RI QHZ








VWUDLQ UDWH 7KH FXWWLQJ IDFH ZDV VXEMHFWHG WR VHYHU ZHDU DQG JUHDW SUHVVXUH ZKLFK
VHULRXVO\LQFUHDVHGWRROGDPDJHHVSHFLDOO\LQGU\PDFKLQLQJRI7LDOOR\V:&&RFXWWLQJ
WRROV KDG SURYHQ WKHLU VXSHULRULW\ LQ DOPRVW DOO PDFKLQLQJ SURFHVVHV RI 7L DOOR\V










,Q DGGLWLRQZLWK WKH SURJUHVV LQPDFKLQLQJ WHFKQRORJ\ GU\ FXWWLQJZDV DSSOLHG LQ




EHWZHHQ )H%1L FXWWLQJ WRRO DQG 7L IULFWLRQ SDLU ZHUH ILUVW LQYHVWLJDWHG 7KH
H[SHULPHQWDOSDUDPHWHUVRIIULFWLRQDQGZHDUZHUHFRQVLVWHQWZLWKWKHFXWWLQJSDUDPHWHUV
VXFK DV WKH FXWWLQJ SUHVVXUH VSHHG DQG OHQJWK7KH LQIOXHQFH RI VOLGLQJ VSHHG RQ WKH










)H%1L SRZGHUV ZHUH SUHSDUHG E\ HOHFWUROHVV SODWLQJ XVLQJ DVUHFHLYHG )H%
SRZGHUV 7KHQ WKH HOHFWUROHVV 1L SODWHG )H% SRZGHUV ZHUH FRQVROLGDWHG E\ VSDUN
VLQWHULQJSURFHVVDW.ZLWKRXWQRKROGLQJWLPH7KHVLQWHUHGFRPSDFWZDVJULQGLQJ
DQG SROLVKLQJ WR WKH VXLWDEOH WRRO VL]H DV VKRZQ LQ )LJ  7KH ZHDU DQG FXWWLQJ
SHUIRUPDQFH RI WKH VLQWHUHG )H%1L WRRO ZHUH WHVWHG LQ FRPSDULVRQZLWK WKDW RI D
FRPPHUFLDOO\ DYDLODEOH FHPHQWHG FDUELGH WRRO :&&R VLQWHUHG DW  . 7KH
PLFURVWUXFWXUHRI)H%1LDQG:&&RWRROVZHUHVKRZQLQ)LJ7KHPHFKDQLFDO
SURSHUWLHV RI WKH WZR NLQGV RI WRRO PDWHULDOV ZHUH OLVWHG LQ WDEOH  +DUGQHVV ZDV
PHDVXUHG E\ 9LFNHUV KDUGQHVV WHVWHU XQGHU D FRQVWDQW ORDG RI  1 7KH IUDFWXUH





7KH<RXQJ¶VPRGXOXVEZDV*3D DFFRUGLQJ WR WKH UXOH RIPL[WXUHV FDOFXODWLRQ
EHWZHHQWKH<RXQJ¶VPRGXOXVRI:&DQG&R+ZDVWKH9LFNHUVKDUGQHVV3ZDVWKH
LQGHQWDWLRQORDGDQGFZDVWKHFUDFNOHQJWKQHDUWKHLQGHQW7KHFRXQWHUPDWHULDOZDV7L
$O9 7L 2ID &R /WG -DSDQ 7KH PLFURVWUXFWXUH FKHPLFDO FRPSRVLWLRQ DQG
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:&&RFRPSDFWV7KHSLQZDVFRUUHVSRQGLQJWRWKHFRXQWHUPDWHULDORI7LDOOR\







7KH G\QDPLF IULFWLRQ FRHIILFLHQW ZDV PHDVXUHG E\ WKH ZHDU WHVWHU )RU WKH
PHDVXUHPHQWVRIZHDUYROXPH ORVV WKHFRPSDFWV DQGFRXQWHUPDWHULDOVZHUHFOHDQHG
EHIRUHDQGDIWHUHDFKWHVWZLWKDFHWRQHLQDQXOWUDVRQLFEDWKIRUNVDQGVXEVHTXHQWO\
GULHG :HDU ORVV RI WKH FRPSDFWV 9V DQG FRXQWHU PDWHULDOV 9F ZDV REWDLQHG E\
ZHLJKLQJWKHSDLUVEHIRUHDQGDIWHUWKHVOLGLQJXVLQJDGLJLWDOEDODQFHZLWKDVFDOHPJ


























































   
&XWWLQJ
WLPHV    










E\ VFKHPDWLF RI WKHZHDU SURFHVV DV VKRZQ LQ)LJ 7KH LQLWLDO IULFWLRQ VKRXOGEH
PDLQO\ FDXVHG E\ VWURQJ DVSHULW\ LQWHUDFWLRQ VXFK DV IUDJPHQWDWLRQ DQG GHIRUPDWLRQ













ZKHUH I $U DQG ĲV ZHUH IULFWLRQ IRUFH DFWXDO FRQWDFW DUHD DQG VKHDU VWUHQJWK
ORDGDSSDUHQW FRQWDFW DUHD RI VRIW PDWHULDOV UHVSHFWLYHO\ $V D UHVXOW WKH IULFWLRQ
FRHIILFLHQWRIWKHWZRFRPSDFWVZDVLQFUHDVHGZLWKWKHLQFUHDVHGRIWKHIULFWLRQIRUFHLQ
WKHLQLWLDOVWDWH
$IWHU LQLWLDO VWDWH WKH IULFWLRQ FRHIILFLHQW RI )H%1L FRPSDFWV VKRZHG VLPLODU
HYROXWLRQDVIXQFWLRQRIWKHVOLGLQJGLVWDQFHUHJDUGOHVVRIWKHVOLGLQJVSHHG:KLOHWKH
IULFWLRQFRHIILFLHQWRI:&&RZDVQRWLFHGWRGHFUHDVHDQGWKHQLQFUHDVHDWWKHVOLGLQJ
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'XULQJ VOLGLQJ YDULDWLRQV LQ WKH FRQGLWLRQV RI PDWLQJ VXUIDFHV RFFXUUHG ZKLFK
DIIHFWHGIULFWLRQDQGZHDUSURSHUWLHV$VWKHVOLGLQJSURFHHGHGWKHVPDOORVFLOODWLRQVLQ
WKH VWHDG\ VWDWH RI WKH IULFWLRQ FRHIILFLHQW FXUYHV DSSHDUHG ,W ZDV FDXVHG E\ WKH





GHFUHDVHG ZLWK WKH LQFUHDVH RI WKH VOLGLQJ VSHHG 7KH GLVSODFHPHQW SHU XQLW WLPH
LQFUHDVHGZLWKDQLQFUHDVHLQWKHVOLGLQJVSHHGZKLFKOHDGWRWKHIRUPDWLRQRIDOXEULFDQW
ILOP RQ WKH PDWHULDO VXUIDFH ZKLFK LQ WXUQ FDXVHG WKH GHFUHDVH LQ WKH IULFWLRQ
























:&&R FRPSDFWV LQFUHDVHG VORZO\ +RZHYHU WKH ZHDU ORVV RI FRXQWHU PDWHULDOV
FRXSOHGZLWK)H%1LZDVKLJKHU WKDQWKDWRI:&&R,WZDVFRQVLGHUHGWKDW WKH
ZHDU GHEULV RI )H%1L RU :&&R SURPRWHG WKH DEUDVLRQ ZHDU 7L DOOR\V
SRVVHVVHGVWURQJDGKHVLRQDQGVSULQJEDFN7KHIUDFWXUHRIWKHDGKHVLYH7LDOOR\SHHOHG
RIIWKH)H%1LDQG:&&RSDUWLFOHVGXULQJWKHZHDUSURFHVV7KHJUDLQVL]HRI)H%
1L ZDV KLJKHU WKDQ WKDW RI:&&R )H% JUDLQV ZHUH HDVLHU WR SXOO RXW E\ WKH
DGKHVLYH7LDOOR\,QWKHZHDUWHVWVPRUHZHDUGHEULVFDXVHGKLJKHUZHDUYROXPHORVV
RIWKH7LDOOR\V


































:RUQ VXUIDFHV RI WKH )H%1L DQG:&&R FRPSDFWV DIWHUZHDU WHVWV XQGHU
GLIIHUHQW VOLGLQJ VSHHGZHUH VKRZQ LQ)LJDQG7KH VOLGLQJGLUHFWLRQVZHUH
LQGLFDWHGE\WKHDUURZVLQWKH6(0LPDJHV7KH)H%1LFRPSDFWVH[KLELWHGVLPLODU
VXUIDFHDSSHDUDQFHZLWKJUDLQIUDJPHQWDWLRQVPHDULQJSLWVDQGDGKHVLRQXQGHUGLIIHUHQW
VOLGLQJ VSHHG DV VKRZQ LQ )LJ  D E DQG F ,Q WKH SURFHVV RI VOLGLQJ VSHHG
LQFUHDVLQJIURPWRPVWKHDPRXQWRIZHDUGHEULVRI)H%1LFRPSDFWVZDV
VLJQLILFDQWJURZWKDQGPRUHSLWVDSSHDUHG1RFRQVLGHUDEOHSODVWLFGHIRUPDWLRQZHDU
VFDUV OLNH VFUDWFKHVJURRYHVZHUH VHHQRQ WKHZRUQVXUIDFHZKLFK LQGLFDWHGYHU\ ORZ
DEUDVLRQZHDU0RUHUXJJHGZRUQVXUIDFHZDVH[KLELWHGZLWKWKHLQFUHDVLQJVOLGLQJVSHHG
,Q FRQWUDU\)H%1L FRPSDFWV VKRZHGGLVWLQFWO\ DGKHVLYHZHDU DVZHOO DV WKH:&
&R7KHDGKHVLRQPDUNVZHUHPRUHSURPLQHQWDWUHODWLYHO\ORZVOLGLQJVSHHGDVVKRZQ







ILJXUH WKH IUDJPHQWDWLRQRI WKH)H%DQG:&JUDLQVZDVREVHUYHG7KHEURNHQJUDLQV
ZHUH HDVLO\ VFUDSHG RII E\ WKH DGKHVLRQ GXULQJ WKHZHDU SURFHVV 7KH H[SRVHGPHWDO
VXUIDFH PD\ WKHQ EH VSDOOLQJ 7KH H[LVWHQFH RI R[\JHQ PD\ DOVR GHWHULRUDWH WKH
PHFKDQLFDO SURSHUWLHV RI WKH FRPSDFWV 7KLV OHDG WR D FRQWLQXRXV UHPRYDO DQG UH
IRUPDWLRQRIWKHIUDJPHQWDWLRQOD\HUDQGUHVXOWHGLQJUDGXDOFRQVXPSWLRQRIWKHFRPSDFWV
GXULQJVOLGLQJ
7KH IUDJPHQWDWLRQ RI JUDLQV DOVR EURXJKW DERXW D VHFRQGDU\ZHDUPHFKDQLVPRI
DEUDVLRQ IRU WKH )H%1L DQG:&&R VDPSOHV 7KH SHHOHG RI WKH JUDLQV GXULQJ
VOLGLQJFUHDWHGWKHSRWHQWLDOIRUDEUDVLYHZHDUZKHUHWKHZHDUGHEULVPD\EHVZHSWDVLGH
RU FDXVH DEUDVLRQ RI WKH WULERSDLUV UHVXOWLQJ LQ HQKDQFHG ZHDU HVSHFLDOO\ IRU WKH
UHODWLYHO\VRIW7LDOOR\$VVKRZQLQ)LJWKHZRUQVXUIDFHVRIWKHSLQVH[KLELWHG
DEUDVLRQPDUNVFKDUDFWHUL]HGE\VFUDWFKHVDQGGHHSJURRYHV0RUHRYHUWKHDEUDVLRQZHDU
RI WKH )H%1L WULERSDLUV ZDV PRUH VHULRXV WKDQ WKDW RI :&&R ZKLFK ZDV
FRQVLVWHQWZLWK WKH UHVXOWV VKRZQ LQ )LJ 7RJHWKHUZLWK WKH SUHVHQW UHVXOWV WKLV











WKH UDNH IDFH DQGRU FOHDUDQFH IDFH RI WKH WRRO WKDWZDV FUDWHUZHDU DQG IODQNZHDU







VSHHGZKHQ FXWWLQJ 7L DOOR\V &ODVVLFDO WRROZHDU SURFHVV FRQWDLQHG WKUHH VWDJHV
LQFOXGLQJ UDSLG LQLWLDO ZHDU IROORZHG E\ JUDGXDO RU VWHDG\ ZHDU DQG ILQDOO\ UDSLG RU
FDWDVWURSKLFZHDUZKLFKVDPHWRWKHIULFWLRQDQGZHDUSURFHVV)RUWKHFXWWLQJVSHHG








,Q DGGLWLRQ WKH IULFWLRQ FRHIILFLHQW EHWZHHQ FXWWLQJ WRROV DQG ZRUNSLHFH ZRXOG
GLUHFWO\DIIHFWWKHWRROZHDUEHKDYLRUVDQGPDFKLQHGVXUIDFHTXDOLW\GXULQJWKHPDFKLQLQJ
SURFHVV $W WKH LQLWLDO ZHDU VWDJH WKH IODQN ZHDU ZLGWK YDULHG UDSLGO\ :LWK WKH
GHYHORSPHQW RI WRRO ZHDU WKH IODQNZHDU ZLGWK LQFUHDVHG DW VWHDG\ZHDU VWDJH 7KH
YDULDWLRQWHQGHQF\RIWKHIODQNZHDUZLGWKZDVFRQVLVWHQWZLWKWKDWRIIULFWLRQFRHIILFLHQW
















VSHHG FXWWLQJ WHVWV GXH WR WKH IUDFWXUH RI WKH WRRO 7KH FDWDVWURSKLF ORVV RI WKH WRRO
PDWHULDOVUHVXOWHGLQWKHWRROIDLOXUHDQGKLJKZHDUUDWHGXHWRWKHKLJKLPSDFWIRUFHDQG
ORZ IUDFWXUH WRXJKQHVV :KLOH WKHUH ZHUH QR FDWDVWURSKLF ORVV RI WKH WRRO PDWHULDOV









PHFKDQLFDO LPSDFW ,Q DGGLWLRQ KLJK WHPSHUDWXUH ZRXOG GHWHULRUDWH WKH PHFKDQLFDO
SURSHUWLHVRIWKHFXWWLQJWRROZKLFKUHVXOWHGLQWKHUDSLGLQFUHDVHRIWKHZHDUUDWHRIWKH






$ FXWWLQJ WRRO ZDV FRQVLGHUHG WR KDYH IDLOHGZKHQ LW KDGZRUQ VXIILFLHQWO\ WKDW
GLPHQVLRQDOWROHUDQFHRUVXUIDFHILQLVKZHUHLPSDLUHGRUZKHQWKHUHZDVFDWDVWURSKLFWRRO
IDLOXUHRULPSHQGLQJFDWDVWURSKLFWRROIDLOXUH7KHSULQFLSOHW\SHVRIWRROZHDUFODVVLILHG
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DFFRUGLQJ WR WKH UHJLRQV RI WKH WRRO WKH\ DIIHFWZHUH VKRZQ LQ )LJ  7RROZHDU
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)RU FRPSDULVRQ WKHPRUSKRORJLHV RI UDNH IDFH RI:&&R FXWWLQJ WRRO WHVWHG
XQGHU GLIIHUHQW FXWWLQJ VSHHGV ZHUH VKRZQ LQ )LJ  7KH DGKHVLYH 7L OD\HUV DQG
H[SRVHGWRROVXEVWUDWHZHUHFOHDUO\YLVLEOHLQUDNHIDFHUHJLRQVRIWKH:&&RFXWWLQJ
WRRO 7KH YDULRXV GHJUHHV RI HGJH FKLSSLQJV ZHUH DOVR REVHUYHG LQ WKLV ILJXUH 7KH
VRIWHQHG7LPDWHULDOZDVDGKHUHGWRWKHUDNHIDFHIRUPHGWKHWKLQGHSRVLWHGDGKHVLYH






FKLSV IORZ DFFXPXODWHG IULFWLRQDO KHDW DQG WKH PHFKDQLFDO LPSDFW DW WKH WRROFKLS
LQWHUIDFH ZLWK WKH LQFUHDVH RI WKH FXWWLQJ OHQJWK GXULQJ WKH LQWHUUXSWHG FXWWLQJ 7KH
















7KHGLIIHUHQWSKHQRPHQRQRI WKH WRROZHDURFFXUUHGRQ WKH UDNH IDFHRI WKH WZR
FXWWLQJWRROVZDVPDLQO\FDXVHGE\WKHGLIIHUHQWPLFURVWUXFWXUHDQGPHFKDQLFDOSURSHUWLHV
:&&R WRRO VKRZHG ILQHU JUDLQ VL]H WKDQ WKDW RI)H%1L WRRO$FFRUGLQJ WR WKH
UHVXOWVRI9HQXJRSDOHWDOWKHILQHJUDLQFXWWLQJWRROVGLGQRWDSSHDUWKHHGJHFKLSSLQJ
RUFDWDVWURSKLFORVVDWWKHWRROFXWWLQJHGJH$VDERYHPHQWLRQHGIULFWLRQDQGZHDUUHVXOWV


































DGKHVLYH WLWDQLXPZDV EURNHQ RII DQG WRRN DZD\ RI WKH WRROPDWHULDO UHVXOWHG LQ WKH
GHFUHDVHRIWKHFRQWDFWDUHDVEHWZHHQWKH)H%1LFXWWLQJWRRODQGWKHZRUNSLHFH7KH
GHFUHDVLQJRI WKHFRQWDFWDUHDVZRXOG LQFUHDVH WKHFXWWLQJIRUFHZKLFKDFFHOHUDWHG WKH
ZHDU UDWH RI WKH FXWWLQJ WRRO ,Q DGGLWLRQ DV WKH LQWHUUXSWHG FXWWLQJ SURFHHGHG WKH
DFFXPXODWHG IULFWLRQDO KHDW GHFUHDVHG WKH VWUHQJWK RI WKH FXWWLQJ HGJH ZKLFK ZRXOG
UHVXOWHGLQWKHFDWDVWURSKLFORVVRIWKHWRROPDWHULDOVKRZQLQ)LJG
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)LJXUHVKRZHGWKHIODQNZHDULPDJHVRI:&&RFXWWLQJWRROWHVWHGIRUP






DSSHDU WKH SKHQRPHQRQ RI FDWDVWURSKLF ORVV RI WKH FXWWLQJ WRRO PDWHULDO GXH WR WKH
DGYDQWDJHVRIXVLQJILQHJUDLQFXWWLQJWRROV
7KHFKHPLFDOHOHPHQWFRPSRVLWLRQVRIWKHIODQNZHDUUHJLRQVRI)H%1LFXWWLQJ
















ZHUHDOVRREVHUYHG LQ WKLV ILJXUH7KHDEUDVLRQZHDUEHWZHHQ WKHFXWWLQJ WRRODQG WKH
ZRUNSLHFHZRXOG DSSHDU7KHDGKHVLYH OD\HUV H[LVWHG UHJDUGOHVVRI WKH FXWWLQJ VSHHG
ZKLFKUHGXFHGWKHIODQNZHDUUDWHLQKLJKFXWWLQJVSHHG
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HGJHEUHDNDJHRFFXUUHGDW ODUJHFXWWLQJVSHHGIRU WKH)H%1L7KHFKLSSLQJVRI WKH
)H%1L FXWWLQJ WRRO HGJH GHVWUR\HG WKH VWUXFWXUH DQG VWUHQJWK RI WKH FXWWLQJ WRRO
UHVXOWHGLQWKHGHFUHDVHRIWKHFXWWLQJSHUIRUPDQFHRI)H%1LWRRO
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D ODUJH QXPEHU RI SRUHV VWLOO H[LVWHG LQ WKHVH FRPSDFWV GXH WR WKH KHWHURJHQHLW\
GLVWULEXWLRQRIWKH)HELQGHUSKDVH
7KHQ1LDVDVXLWDEOHFDQGLGDWHELQGHUSKDVHZDVDOVRFKRVHQDQGLQYHVWLDJHG,Q
YLHZ RI WKH DERYH PHQWLRQHG SUREOHPV WKH 1L ELQGHU SKDVH ZDV LQWURGXFHG E\ WKH
HOHFWUROHVVSODWLQJPHWKRG6LQJOH IDFWRUH[SHULPHQWVZHUHFDUULHGRXW WRRSWLPL]H WKH
HOHFWUROHVVSODWLQJSURFHVVLQFOXGLQJWUHDWLQJDPRXQWEDWKWHPSHUDWXUHDQGSODWLQJWLPH
$IWHURSWLPL]HGWKHHOHFWUROHVVSODWLQJSURFHVVWKHHIIHFWRIWKH1LFRQWHQWDWWKHUDQJH















GHIRUPDWLRQ DQG SRZHUODZ FUHHS GHIRUPDWLRQ RI WKH1L ELQGHU SKDVH LQ WKH )H%±1L






















RFFXUUHGDW ODUJHFXWWLQJVSHHGIRU WKH)H%1L WRRO7KHFKLSSLQJVRI WKH)H%1L















, DP JUHDWO\ LQGHEWHG$VVLVWDQW 3URIHVVRU<RQJEXP &KRL +H JDYH PH VR PXFK
SRVLWLYHKHOSRQP\UHVHDUFKDQG,KDYHOHDUQWVRPXFKIURPKLP,DPDOVRJUHDWO\


















DQG JUHDW FRQILGHQFH LQPH DOO WKURXJK WKHVH \HDUV7KDQNV WRP\ SDUHQWV IRU WKHLU
VXSSRUWDQGHQFRXUDJHPHQWGXULQJP\VWXG\7KDQN WKHPIRU WKHLU VXSSRUWRYHU WKH
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Spark sintering of FeB-Ni powders and their mechanical properties.⢊య⢊
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